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ARTICLE INFO ABSTRACT

Article history: Shale gas is abundant in the Paleozoic of the Yangtze Platform, and several high-yield shale gas fields

ﬁ:z:zzg ?j:j:f;?:;jo;;mh . have been built in the Upper Yangtze Platform, China. The Permian of the South Yellow Sea Basin

Accepted 11 March 2024 (SYSB) in the Lower Yangtze area is considered a potential target for shale gas exploration; however, the

Available online 14 March 2025 fundamental geological conditions of shale gas have not been studied. Based on the first whole-cored
scientific drilling borehole (CSDP-2) in the SYSB, detailed tests involving petrology, organic

Keywords: geochemistry, and reservoir physical properties were conducted to evaluate the shale gas potential of the
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r Permian. The Lower Permian i min rganic-rich sili 1 nd clay-mixed shales.
Continental Shelf Drilling Program ower Permia e Lower Permian is dominated by organic-rich siliceous, clay, and clay ed shales

South Yellow Sca Basin The average total organic carbon content is 5.99%, and the organic matter is mainly type II,—II,, which has
Lower Yangtze Platform entered the high-over mature evolution stage. The pore types of organic-rich shales mainly include organic
Lower Permian pores, dissolution pores, and intergranular pores, of which the meso-/macropores are well developed. The
Shale reservoir evaluation average porosity is 3.04%, and the total specific surface area and pore volume are 3.47 m*/g and 7.21x107°
cm®/g, respectively. The average Langmuir volume obtained from the methane adsorption isotherms is
2.70 cm®/g, and methane is mainly adsorbed in the meso-/macropores. The lower Permian shales are rich
in methane as indicated by gas logging results, with an average content of 7.3%, which can reach up to
65.9%. A comparison of the study area with typical shale gas fields shows that the Lower Permian is
brittle and shallowly buried and has a high potential for shale gas exploration and low-cost development.
The depression areas of the SYSB are overlain by thick Mesozoic—Cenozoic sediments, show higher
organic matter maturity, and may have greater shale gas potential. The shale gas exploration breakthrough
of the study area is of great significance to ensure the energy supply of economically developed areas on
the east China.

Oil-gas exploration engineering
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1. Introduction the Yangtze Platform have great prospects for natural gas
exploration, and significant exploration breakthroughs have

Clean shale gas resources have gradually become an been made in the Cambrian, Ordovician—Silurian, and
important growth point for China’s natural gas industry and Permian (He ZL et al., 2016; Zou CN et al., 2016; Jiang ZX et

are beneficial for achieving the “carbon peak and carbon al., 2020). At present, China is the largest shale gas
neutrality” goal. Paleozoic marine and transitional shales in production area after North America, and the main

exploration and development area is distributed on the
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main shale gas-producing area in China (Fig. ). However, the
exploration degree of the Lower Yangtze Platform (LYP) is
extremely low; therefore, evaluation of shale gas potential
needs to be carried out urgently.

In recent years, high-yielding shale gas reservoirs have
been discovered from the Upper Ordovician Wufeng
Formation to the Lower Silurian Longmaxi Formation (Os;w-
Si)) of the Weiyuan, Changning, Zhaotong, Fushun-
Yongchuan, and Fuling areas in Sichuan Basin, UYP, China
(Zhao WZ et al., 2016; Hu H et al., 2021). In 2019, the daily
gas production of Lu203 well in the Sichuan Basin reached
137.9x10* m*/d, becoming the first shale gas well in China
with a daily production of more than one million cubic
meters. In 2020, the gas production of the strata above 3500 m
in the Sichuan Basin exceeded 200x10° m’, and the
recoverable reserves exceeded 5900x10% m?, indicating a
huge potential for shale gas exploration in the UYP (Zou CN
etal., 2021). Well Leiye 1 (2023), a shale gas exploration well
in the Sichuan Basin, has made a breakthrough in shale gas
exploration in the Permian. In addition, the Eyi-1, Eyi-2, and
Eyang-1 wells in the Middle Yangtze Platform show good
prospects for shale gas resources (Jiang ZX et al., 2020).
Multiple shale gas exploration wells in northern Jiangsu,
southern Anhui, and northern Zhejiang in the LYP also reveal
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good prospects for shale gas in the Permian system (Zheng HJ
et al., 2020). Well JY1 in southern Anhui of Lower Yangtze
drilled by the China Geological Survey shows a good shale
gas prospect in the Upper Permian (Li QQ et al., 2022).
However, shale gas exploration in the LYP is still in an initial
stage. The study on the Paleozoic shale gas potential of the
South Yellow Sea basin (SYSB), which is the main tectonic
body of the LYP, is still lacking. In 2016, with the support of
the Continental Shelf Drilling Program (CSDP), a whole-
cored scientific borehole (CSDP-2) was drilled in the Central
Uplift of the SYSB (Fig. 1). The CSDP-2 borehole
encountered thick Paleozoic marine deposits, of which the
thickness of Permian was 857.7 m with thick dark mudstone
and significant gas logging anomalies (Fig. 1). The Permian
shale gas exploration of the SYSB in the LYP is important for
securing China’s energy supply.

In this study, petrology, mineralogy, organic
geochemistry, rock physical properties, and maceral analyses
were carried out on the Lower Permian shales drilled from the
CSDP-2 wells. Detailed test data of organic matter
abundance, type, and thermal maturity were used to evaluate
the hydrocarbon generation potential of the Lower Permian
shales in the study area. X-ray diffraction (XRD), scanning
electron microscopy (SEM), low-pressure N, adsorption—
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Fig. 1. a—Geographical map of the South Yellow Sea Basin, the distribution areas of marine and transitional shale, China (modified from Zou
CN et al., 2021); b—geological map of the Lower Yangtze Platform and the CSDP-2 borehole location; and c—chronostratigraphic chart of the
CSDP-2 borehole from 600 m to 2000 m with the red solid line box marks the interval of gas logging anomaly.
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desorption, high-pressure methane isothermal adsorption, and
nuclear magnetic resonance (NMR) analyses of the shale
samples were performed to evaluate the mineral composition,
pore structure, and reservoir properties. Finally, the main
geological parameters of typical shale gas fields in China and
abroad were compared to evaluate the exploration prospects
of Permian shale gas in the study area.

2. Geologic setting and the CSDP-2 borehole

The Yellow Sea is situated between the Chinese mainland
and the Korean Peninsula and is geographically separated into
the North Yellow Sea and the South Yellow Sea by the
Qinling-Dabie-Sulu collision orogenic belt, which was formed
as a result of the Indo-Chinese tectonic movement (Gilder S
and Courtillot V, 1997; Liu J et al., 2018). The SYSB belongs
to the LYP and is a large-scale superimposed sedimentary
basin with Paleozoic marine and Meso—Cenozoic continental
rifted deposits (Pang YM et al., 2021). The stratigraphic units
of the SYSB consist of Precambrian metamorphic basement
rocks, Paleozoic to Triassic marine craton sediments, and
overlying continental rifted deposits (Liu J et al., 2018).

The SYSB can be subdivided into several sub-tectonic
units, of which the main units from north to south are the
Qianliyan Uplift, North Depression, Central Uplift, South
Depression, and Wunansha Uplift (Pang YM et al., 2018).
The marine strata are widespread in the entire basin, whereas
the Meso—Cenozoic continental sediments are developed
mainly within the North Depression and South Depression.
The Meso—Cenozoic sediments of the depressions are more
than 8 km thick but are usually absent in the Central Uplift.
Recently, geological surveys have revealed the development
of thick Paleozoic marine strata under the Neogene in the
Central Uplift, which have become important potential targets
for hydrocarbon exploration.

With the support of the China Geological Survey, the
whole-cored CSDP-2 borehole was drilled in the Central
Uplift of the SYSB to reveal the Paleozoic lithological
attributes and its petroleum prospects. The CSDP-2 borehole
is the first deep-drilling borehole in the Central Uplift and was
drilled to a depth of 2843.4 m. A 2700 m core was recovered,
confirming the presence of thick Paleozoic marine deposits in
the Central Uplift. The CSDP-2 also revealed multiple oil
displays from the Permian cores and significant gas logging
anomalies in some intervals for the first time, showing a good
oil and gas exploration potential.

3. Samples and methods

To evaluate the shale gas potential of the Lower Permian
in the study area, total organic carbon content (TOC), vitrinite
reflectance (Ro), Rock-Eval pyrolysis, XRD, SEM, organic
maceral component, NMR, low-pressure  nitrogen
adsorption—desorption, and high-pressure methane isothermal
adsorption analyses were carried out on shale samples of
CSDP-2.

3.1. Total organic carbon and mineral composition

A CS-230 Carbon and Sulfur Analyzer (American LECO
company) was used to test the TOC. The sample was burned
in a high-temperature oxygen environment after removing
inorganic carbon with dilute hydrochloric acid, and the
produced carbon dioxide was detected using an infrared
detector to obtain TOC.

An X-ray diffractometer (ULTIMA-IV, Japanese RIGAKU
company) was used to test the mineralogical composition
according to the industry specifications (Analysis method for
clay minerals and ordinary non-clay minerals in sedimentary
rocks by the X-ray diffraction, SY/T 5163-2018, China), with
a scanning speed of 2°/min.

3.2. Rock-Eval pyrolysis

A Rock-Eval instrument (Classic S3, France VINCI
company) was used for rock pyrolysis. The temperature was
first set at 300°C for 3 min to capture the free hydrocarbons
(S)), then increased to 600°C for 1 min to obtain the pyrolytic
hydrocarbons (S,), and the carbon dioxide (S;) and maximum
pyrolysis temperature (7,,,,) would be obtained during the
next 4 min. The oxygen index (OI), hydrogen index (HI), and
production index (PI) were calculated as follows: Ol = S; x
100/TOC (mg CO2/g TOC), HI = S, x 100/TOC (mg HC/g
TOC), and PI=S,/(S; + S,).

3.3. Organic petrology and scanning electron microscope

Maceral fluorescence analysis was performed to evaluate
the maceral composition and thermal maturity. The samples
were impregnated with epoxy resin, ground with silicon
carbide and diamond gravel, and polished with isopropyl
alcohol, alumina slurry, and silk. The processed samples were
examined using a microscope to measure the percentage of
reflected incident light and maceral composition. A field
emission-scanning electron microscope (QUANTA 200F,
American FEI company) was used for maceral analysis. The
sample slices were hand-polished on stubs and then polished
using argon-ion milling to obtain a flat surface. The back-
scattered electron and secondary electron images magnified
500-15000 times were collected on a flat surface.

3.4. Nuclear magnetic resonance

The NMR spectrometer (MesoMR23-060H-I, China) with
a 21.36 MHz resonance frequency for 'H at a low magnetic
field of 0.52 T was used to obtain T2 spectra using the Carr-
Purcell-Meiboom-Gill (CPMG) sequence, with measurement
parameters of TE (echo time): 0.07 ms, TW (waiting time):
3000 ms, NS (number of scans): 64, and NECH (echo
number): 6000.

The sample was dried in a vacuum oven at 110°C for 24 h
after washed with oil, and the original NMR relaxation
spectra was obtained by NMR test. Subsequently, the dried
sample was evacuated for 24 h and then saturated with C,, at
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10 MPa for 24 h. The saturated NMR relaxation spectra of
C,,-saturated samples was obtained. The masses of the dried
and C,,-saturated samples were recorded simultaneously to
calculate the weighted porosity, which was used as a
reference for the NMR porosity.

3.5. Low-pressure N, adsorption—desorption

Low-pressure N, adsorption—desorption test was
conducted using a Micromeritics specific surface area and
porosity analyzer (ASAP 2460, American MICROMERITICS
company). The shale sample was crushed into 40-60 mesh
and dried at 383 K for 24 h in a vacuum oven. N,
adsorption—desorption isotherms were collected at 77 K with
P/Py ranging from 0.01 to 0.993. The specific surface area
(SSA), pore volume (PV), and pore size distribution (PSD)
were calculated using the adsorption branch. PV was the
single pore volume at a P/P, of approximately 0.99, while
SSA was determined using the BET method according to the
adsorption data with P/P, between 0.05 and 0.35 (Brunauer S
et al,, 1938). The PSD was calculated using the Barrett-
Joyner-Halenda (BJH) model (Brunauer S et al., 1938).

3.6. High-pressure methane isothermal adsorption

High-pressure methane isothermal adsorption tests were
performed using a high-pressure gas-adsorption instrument
(3H-2000PH690, Instrument Technology Co., LTD, Beijing).
The sample was crushed into 40-60 mesh and then dried at
383 K for 24 h. A detailed test process and data calculation
were conducted according to the National standard
(Determination methods of methane isothermal adsorption in
shale Part 1: Capacity method, GB/T 35210.1-2017, China).
The reference and sample cells were set at a consistent
temperature of 40°C (£0.1°C). Methane sorption capacities
were measured up to a pressure of approximately 22 MPa.

The Langmuir-based excess adsorption model was used to
fit the sorption pressure (P) and excess sorption capacity (V,,)
and calculate the absolute sorption capacity (V) as follows
(Equs. 1, 2):

V,P .
V=5 (1-2 0
P, +P LPa
v, = 2
ab = P, 1P 2)

where 7, and P, are the Langmuir volume (cm’/g) and
pressure (MPa), respectively; P; is the pressure where the
methane adsorbed amount equals half of the maximum
methane sorption capacity (V7); p, and p, are the densities
(g/cm®) of the adsorbed and free methane, respectively.

3.7. Fractal dimension calculation

Fractal dimension can be used to describe the pore
structure and surface irregularities of porous media (Cai YD
et al.,, 2013; Wang JY and Guo SB, 2021). Various fractal

dimension calculation models, including the BET model, the
Frenkel-Halsey-Hill (FHH) model, and thermodynamic
methods, have been proposed and widely applied (Levitz P et
al., 1988; Pfeifer P et al.,, 1989; Tatlier M and Erdem-
Senatalar A, 1999; Cao TT et al.,, 2016; Zhang JZ et al.,
2018). In this study, the fractal dimension was calculated
using the FHH model (Equ. 3).

\% P
In <V(,> =C+(D-3)-In </n <P“>> 3)

where D is the fractal dimension; C is a constant; V' is the gas
adsorption volume (cm?/g) under equilibrium pressure (P,
MPa); ¥, is the volume of the monomolecular layer (cm®); P,
is the saturated vapor pressure (MPa).

4. Results

4.1. Petrological characteristics of the Lower Permian shales
in SYSB

4.1.1. Mineral composition

The mineral compositions of the shale samples collected
from the CSDP-2 borehole are listed in Table 1. The results
show that the shale minerals mainly include quartz, clay
minerals, and calcite, followed by pyrite and feldspar. The
clay mineral contents range from 1.8% to 57.0%, with an
average of 33.1%, among which the average contents of illite
and mixed illite/smectite are 39.6% and 26.6%, respectively.
The average contents of siliceous minerals (quartz and
feldspar) and calcareous minerals (calcite and dolomite) are
39.6% and 19.4%, respectively. The presence of brittle
minerals is beneficial for the formation of natural and
artificially induced fractures.

According to the compositions of the shale minerals, the
1600-1680 m interval of the Lower Permian can be divided
into upper (Layer 1) and lower (Layer 2) layers (Table 1).
Layer 1 is mainly siliceous minerals with an average content
of 48.0%, and the calcium mineral content is 7.6%. Layer 2 is
mainly composed of calcium minerals with an average
content of 35.4%, while the average content of siliceous
minerals is 28.4%. The clay minerals in Layer 1 and Layer 2
are similar, but the mixed illite/smectite content is higher in
Layer 2. Almost all shale samples contain pyrite with an
average content of 6.7%, which is more abundant in Layer 1.

4.1.2. Shale lithofacies

Considering the contents of siliceous minerals, calcareous
minerals, and clay minerals as the three terminal elements,
shale lithofacies are divided into siliceous shale (SiS),
calcareous shale (CaS), clay shale (CIS), siliceous mixed
shale (SiMS), calcareous mixed shale (CaMS) and clay mixed
shale (CIMS) (Table 1; Fig. 2). According to the TOC content
of the shale, it is divided into organic-poor (<1%), organic-
medium (1%-3%), and organic-rich shale (>3%).

Layer 1 was dominated by organic-rich SiS, followed by
medium-rich organic CIS and CIMS, with a TOC of
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1.53%-16.21% (average 6.1%). Layer 2 was dominated by
medium-rich organic CIMS, with a small amount of organic-
rich CaS and CaMS. The siliceous mineral content is similar
to that of Layer 1, but the calcareous mineral content is
higher. The development of dissolution pores and fractures in
calcareous minerals is conducive to improving the shale

Calcareous mineral/%

0 100
m [ayer 1
m Layer 2
25 75 o TOC: Medium
o TOC: Rich
o

100
0 100

Clay mineral/% Siliceous mineral/%

Fig. 2. Triangular plot analysis of clay, calcareous minerals, and
siliceous minerals of the Lower Permian shale and organic matter en-
richment. TOC: Total organic carbon content.
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reservoir capacity. Compared with the shales in Layer 1, the
clay minerals in the shales of Layer 2 have a higher content
of illite and mixed illite/smectite, providing some additional
micropores. The TOC in Layer 2 is 1.43%—-13.13%, with an
average value of 5.82%, which is similar to that of Layer 1.

4.1.3. Organic petrological characteristics

(i) Abundance of organic matter

The TOC of the Lower Permian shale ranges from 1.43%
to 16.21%, with an average value of 5.99%. Among them, the
TOC in the interval of 1640—-1658 m is 5.60%—11.29%, with
an average value of 7.51%. The hydrocarbon potential (Pg)
ranges from 0.15 mg HC/g rock to 3.64 mg HC/g rock, with
an average value of 0.95 mg HC/g rock. Generally, SiS and
SiMS in Layer 1 and CaMS, SiS, and CIS in Layer 2 have
good hydrocarbon generation potential.

(i1) Kerogen type

The pyrolysis hydrogen index (HI) and highest pyrolysis
peak temperature (7,,,,) of the rock reflect the type of shale
organic matter. Plotting analysis of the pyrolysis parameters
also shows that the organic matter of the Lower Permian
shales is dominated by type II,—IIT (Figs. 3a, b).

Detailed identification of the organic maceral components
was carried out on six samples to further clarify the organic
matter types. Maceral analysis revealed that the Lower
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Fig. 3. Types of organic matter of the Lower Permian shales constrained by rock pyrolysis data (a, b); Relationship between vitrinite reflect-
ance and depth of CSDP-2 core samples (c) and plot analysis of pyrolysis 7,,,, and production index (d).
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Permian shales are dominated by kerogen types II;-1I1, (Table 2).
The samples are rich in exinite (average 74.5%), and the main
component is an amorphous mass. The average content of
vitrinite is 18.6%. The content of inertinite is low, and some
samples contain saprophytic mass.

(iii) Thermal maturity

The vitrinite reflectance (Ro) analysis of the CSDP-2 core
samples shows that the Paleozoic shales have entered the
high-over mature stage (Fig. 3c). The measured Ro values of
the shale samples at 1562.00 m, 1578.30 m, 1586.50 m, and
1599.20 m are 1.47%, 1.23%, 1.50%, and 1.52%,
respectively, indicating that the Lower Permian shale is in the
mature—high-over mature stage. Plotting analysis of the
pyrolysis parameters also shows that the Lower Permian shale
has entered the gas window (Fig. 3d).

4.2. Reservoir evaluation of the Lower Permian shales

4.2.1. Pore types

The SEM images show that the shale pores mainly include
organic pores, dissolution pores, intergranular pores,
microfractures, and pores within clay mineral grains (Fig. 4),
which provide abundant reservoir space for shale gas. The
organic pores are mainly pitted, honeycombed, and
subspherical in shape (Figs. 4d, g, h). The high content of
calcareous minerals in the CaS and CaMS shales not only
facilitates the generation of microfractures but also leads to
more prevalent dissolution pores (Figs. 4c, e, h).
Microfractures can significantly improve the shale
permeability and reservoir capacity. The SEM images show
that the microfractures are usually developed near the contact
zone between organic and inorganic minerals and inside
brittle mineral grains. Organic pores, dissolution pores, and
intergranular pores are the most developed in organic-rich
shales, followed by microfractures and intra-grain pores of
clay minerals. In general, organic pores are more developed in
highly mature organic-rich CIMS and CIS shales, whereas
intergranular pores, dissolution pores, and microfractures are
more abundant in SiS, CaS, and CaMS shales.

4.2.2. Nuclear magnetic resonance porosity of shale samples
With the advantages of rapid, nondestructive, and in-situ
detection, NMR analysis can effectively compensate for the
shortcomings of conventional reservoir analysis methods and
has been widely used for shale reservoir evaluation. In this

study, the weighted porosity of the measured shale samples
and NMR porosity are highly correlated (R2 = 0.959),
indicating the high reliability of the NMR porosity results
(Fig. 5). The NMR porosity (NMR porosity) of the 26 shale
samples range from 1.42% to 6.13%, with an average of
3.04% (Table 3).

4.2.3. Nitrogen adsorption—desorption results

Nitrogen adsorption experiments are an effective method
for obtaining pore structure parameters, such as pore volume
(PV), specific surface area (SSA), and pore size distribution
of shale. The results show that the total specific surface area
(TSSA) of the Lower Permian shales ranges from 0.30 m%/g
to 11.50 m?/g, with an average value of 3.47 m?/g. The total
pore volume (TPV) ranges from 1.38x107° cm?/g to 13.71x
107% em®/g, with an average of 7.21x10~> cm®/g. The average
pore diameter (dy,) ranges from 4.49 nm to 33.63 nm, with an
average value of 13.64 nm (Table 3). The average TSSA and
TPV of shales in Layer 1 are 1.88 m%/g and 5.57x107° cm’/g,
respectively, whereas the corresponding values in Layer 2 are
5.76 m*/g and 9.58x107° cm®/g, respectively, showing that
Layer 2 has higher shale gas storage capacity. However, the
dya of the sample in Layer 1 is 17.77 nm, which is higher
than the 7.66 nm of dy, in Layer 2.

According to the pore type classification results of the
International Union of Pure and Applied Chemistry (IUPAC),
shale pores are classified into micropores (<2 nm), mesopores
(2-50 nm), and macropores (>50 nm) based on pore size. The
shales in the study area are predominantly mesoporous, and
the development of micropores and macropores in Layer 1
and Layer 2 differs greatly (Fig. 6). The contributions of
micro-, meso-, and macropores to the SSA of shales in
Layer 1 are 5.58%, 85.33%, and 9.09%, respectively. The
contributions of micro-, meso-, and macropores to the SSA of
the shales in Layer 2 are 12.73%, 84.44%, and 2.83%,
respectively. Overall, mesopores contribute the most to the
SSA of the shale (Figs. 6a, c). The SSA of the micropores of
the shale samples in Layer 2 is 2-3 times larger than that of
Layer 1. This is possibly due to the high content of
calcareous minerals in Layer 2, which develops more
dissolution pores (Fig. 4). The high content of illite in the clay
minerals may also lead to more micropores (Fig. 4). In
addition, the organic matter of highly mature shales produces

Table 2. Maceral composition for shale samples and kerogen types.

Depth/m  Sapropelinite/  Exinite/% Vitrinite/% Inertinite/ TI Type

% %

Saprophytic ~ Resinite Cutinite Sporinite Mycetome Amorphous Total Hydrogen- Normal Total  Fusinite

mass mass rich vitrinite

vitrinite

1599.2 / / 0.41 0.82 / 74.59 75.82 2.87 18.44 2131  2.87 21.5 II,
1619.28  11.33 / / / 0.39 77.73 78.13 1.56 7.81 9.38 1.17 4352 I,
1634.3 / / / 0.49 / 91.22 91.71 0.98 6.83 7.8 0.49 4034 I,
1650.1 / / / / / 88.41 88.41 1.93 9.18 11.11 048 37.03 I,
1660.6 4.8 / / 0.44 / 79.91 80.35 1.75 12.66 1441 044 3522 I,
1706.78 19 / / 1.5 / 31 3255 3 44.5 47.5 1 1.18 II,

Notes: TI=(100A+50B-75C-100D)/100, where A, B, C and D refer to the percentage of sapropelinite, exinite, vitrinite and inertinite marcel, respectively.
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Fig. 4. Scanning electron microscopy (SEM) images show pore development characteristics of the Lower Permian shale in the South Yellow
Sea. a—CIS (Rich), 1615.3 m, TOC=6.15%, Pyrite intercrystalline pore; b—-CIMS (Rich), 1625.0 m, TOC=6.03%, Intergranular pore; c— CIS
(Rich), 1634.1 m, TOC=6.17%, Dissolution pore, organic pore; d—SiS (Rich), 1640.2 m, TOC=7.96%, Organic pore; e-SiS (Rich), 1651.9 m,
TOC=5.60%, Dissolution pore, intergranular pore, microcrack; f~CIMS (Rich), 1657.2 m, TOC=6.90%, Intercrystalline pore, intergranular
pore; g—CIS (Rich), 1662.1 m, TOC=3.42%, Organic pore; h—CIMS (Medium), 1668.9 m, TOC=2.68%, Dissolution pore, organic pore, inter-

crystalline pore.

abundant organic pores after hydrocarbon generation,
including a large number of micropores. Generally,
mesopores contribute the most to the PV, followed by
macropores (Figs. 6b, d). The contributions of meso- and
macropores to the TPV of shales in Layer 1 are 64.31% and
34.97%, respectively, while those in Layer 2 are 74.22% and
23.06%, respectively. Thus, the mineral composition of shale
has an important influence on pore type and development.
Petrographic analysis reveals that the Lower Permian is
dominated by SiS, CIS, and CIMS shales. The TSSA of the
CIS shales ranges from 0.34 m%g to 11.15 m?/g (mean 3.51
m?%/g), and the TPV ranges from 2.52x107> cm?/g to 12.89x
107 cm®/g (mean 7.29x107 cm?/g). The TSSA of the CIMS

shales ranges from 0.44 m%/g to 7.63 m*/g (mean 4.38 m?/g),
and the TPV ranges from 2.59x107° cm®/g to 13.71x107°
cm’/g (mean 8.47x107° cm?/g). The TSSA and TPV values of
the CIMS shale samples are significantly higher than those of
the CIS shales, indicating a better reservoir capacity of the
CIMS shales in the study area.

N, adsorption saturation occurred when the relative
pressure (p/p,) tends to be close to 1, showing a typical type 11
nitrogen adsorption isotherms according to the IUPAC
classification (Fig. 7). When p/p, > 0.4, a hysteresis loop
appears between the adsorption and desorption branches.
Type II adsorption isotherms are interpreted as the results of
the monolayer and multilayer coverage at low (<0.4) and
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Fig. 5. a-Fitting relationship of nuclear magnetic resonance (NMR) porosity and weighed porosity, and b-statistical histogram of NMR poros-

ity of the Lower Permian shales in the South Yellow Sea Basin.

Table 3. Statistical results of shale porosity and nitrogen adsorption experiments.

Layer Depthym TOC Weighted prorosity/% NMR porosity/% N, adsorption Total Total PV/
BET-SSA/(m?/g) PV/(1073 cm¥/g) dy,/nm bsﬁv (10; ’
- . (m7g)  em’/g)
Micro- Meso- Macro- Micro- Meso- Macro-

Layer 1 1600.5 323 2.18 2.37 0.0491 0.4623 0.0495 0.02 1.63 1.04 15.12  0.81 3.05
1601.8 1.63 2.12 2.47 0.1761 2.6842 0.0948 0.08 5.77 1.87 10.18  3.19 8.11
16034 1.5 2.87 3.17 0.1078 1.667  0.089 0.05 4.06 1.77 11.83  2.12 6.27
1605.5 098 3.1 3.23 0.1539 2.3534 0.0966 0.07 571 2 10.89 2.98 8.12
1609.7 1.53 / 5.04 0.1166 2.4908 0.0988  0.06 7.9 3.23 15.7 2.59 10.18
1612.1 / / / 0.6998 3.8193 0.0946 0.33 7.28 1.91 5.62 8.11 11.39
16124 141 58 5.07 0.0496 0.3465 0.0656 0.02 1.85 1.42 17.14  0.87 3.72
16153  6.15 271 2.49 / / / / / / / / /
1619.6  7.58 2.59 2.35 / / / / / / / / /
1625 6.03 245 1.98 0 0.3712 0.0535 0 1.72 1.15 23.56  0.53 3.13
1626.5 5.66 2.59 3.7 0 0.2442 0.0464 0 1.25 1 29.29 0.34 2.52
1627.5 243 45 3.88 0.0106 1.0603 0.0878 0 3.85 1.88 16.06  1.53 6.16
1630.2 5.1 1.79 2.14 0.0077 0.2558 0.0463 0 1.33 1.03 23.54 044 2.59
16329 16.21 2.03 2.08 / / / / / / / / /
1634.1  6.17 4.46 5.06 0 0.6199 0.0975 0 322 21 33.63 0.68 5.75
16402 796 093 1.42 0.0227 0.1349 0.0237 0.01 0.69 0.54 1844 03 1.38
16453 641 0.66 1.53 / / / / / / / / /

Layer 2 16532 11.29 0.71 1.58 / / / / / / / / /
16572 6.9 3.16 4.65 0.5542 2.8705 0.0815 0.27 6.96  2.63 5.97 7.55 11.27
1661.5 3.63 238 341 0.1602 1.7954 0.0684 0.08 4.19 1.37 9.56 2.53 6.05
1662.1 342 175 1.76 0.4654 3.0153 0.1015 0.22 645  2.05 6.63 6.18 10.24
1664.8 1.61 2.08 2.31 0.3842 3.1312 0.0642 0.18 6.87 1.02 8.3 3.96 8.21
1665.6 144 / 6.13 0.7518 4.8217 0.1489 0.36 9.7 2.92 7.91 6.93 13.71
1666.3  6.84 1.88 2.65 1.1299 4.3651 0.1012 0.53 741  2.04 4.49 11.5 12.89
16689  2.68 2.54 2.82 0.3016 1.7955 0.0549 0.14 3.7 1.15 6.43 391 6.29
1670.7 433 2.03 2.59 0.691 3.8538 0.1145 042 749 236 6.28 7.63 11.98
1678.6 143 / 3.03 0.0692 1.2448 0.0792 0.03 3.56 1.64 13.4 1.67 5.61

Notes: TOC: total organic carbon; NMR: nuclear magnetic resonance; BET: Brunauer-Emmett-Teller model; SSA: specific surface area; PV: pore volume.

medium (0.4-0.8) p/p,, respectively, as well as capillary
condensation at a high p/p, (>0.8), which suggests that meso-/
macropores are developed in shales. Using the hysteresis loop
classification of IUPAC, the Lower Permian shales are
classified as H2 and H3 types, with H3 mainly occurring in
Layer 1. The hysteresis loop characteristics indicate the
development of a large number of mesopores in the shales,
while the steep increase in the nitrogen adsorption capacity
during the high-pressure phase may be closely related to the

development of meso- and/or macropores. When p/p, reaches
approximately 0.5, there is a clear turning point in the H2 type
desorption branch, which may be related to the development
of ink-bottle-shaped pores (Fig. 7). The H3 type is mainly
characterized by almost parallel adsorption—desorption
branches with narrow hysteresis loops, which mainly reflect
slit-shaped and/or narrow pores (Fig. 7). The PSD of H2 shale
is characterized by a bimodal distribution, with pore sizes
ranging from 2 nm to 4 nm and 30 nm to 70 nm (Fig. 7). The
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Fig. 6. Specific surface area and pore volume percentages with different pore sizes.

right peak of the PSD curve is significantly higher than the
left peak, indicating that the mesopores of the H2 shale
contribute more to the reservoir properties than the
micropores do. The PSD curve of the H3 shale is
characterized by a single peak, but the distribution range is
large, with pore sizes ranging from 50 nm to 100 nm,
reflecting the high percentage of macropores (Fig. 7).

4.2.4. Methane adsorption capacity of shales

A Langmuir-based excess sorption model was used to fit
the excess sorption isotherm. The excess sorption isotherms
fitted by the Langmuir-based excess sorption model for the
shale samples are shown in Fig. 8a. The correlation
coefficients exceed 0.99. V,, increases rapidly with increasing
pressure, reaching a maximum at approximately 8 MPa. The
calculation of V,, ignores the volume of adsorbed methane,
and V,, decreases with increasing pressure after reaching its
maximum value (Fig. 8a). From Equ. (1), it can be deduced
that V,, will be approximately equal to zero when the density
of the free methane approaches the density of the adsorbed
methane under high-pressure conditions.

The fitted values of the density of adsorbed methane (p,4)
are in the range of 0.33-0.64 g/cm’, with an average value of
0.41 g/em® (Table 4). The absolute adsorption isotherms were
well-fitted by the Langmuir sorption model, as shown in Fig. 8b.

P; ranges from 2.12 MPa to 3.55 MPa (mean 2.81 MPa)
(Table 4), representing the pressure where the methane
adsorbed amount equals half of the maximum methane
sorption capacity (7). ¥, ranges from 1.67 cm’/g to 4.48
cm’/g (mean 2.70 cm?/g) (Table 4), indicating that the Lower
Permian shales in the study area have good shale gas
adsorption capacity. It should be noted that the methane
sorption experiments in this study were performed on dry
shale samples; therefore, the absolute methane sorption of the
samples does not represent the methane sorption of the shale
in situ.

4.2.5. Gas logging abnormalities of the Lower Permian shales
in SYSB

The gas logging results showed significantly high
anomalies in the Permian shales in the study area (Fig. 9). The
gas logging results reveal that the Permian shales in the study
area are generally gas-bearing. The average total gas in the
1580-1780 m interval is 7.4%, and the maximum value
reached 66.2%. The main hydrocarbon gas in this section is
methane, with an average content of 7.3% and a maximum
value of 65.9% (Fig. 8). Methane accounts for approximately
98.6% of the total gas volume. It is a dry gas and is
characterized by high maturity. The average contents of total
gas and methane in the 1620-1680 m interval is 18.6% and


https://doi.org/10.31035/cg2023153
https://doi.org/10.31035/cg2023153
https://doi.org/10.31035/cg2023153
https://doi.org/10.31035/cg2023153
https://doi.org/10.31035/cg2023153
https://doi.org/10.31035/cg2023153
https://doi.org/10.31035/cg2023153
https://doi.org/10.31035/cg2023153
https://doi.org/10.31035/cg2023153

Pang et al. / China Geology 8 (2025) 707-724 717

Quantity adsorbed/(cm*/g STP)

(©

- H3 Slit-shaped pore

——1600.5 m
——1612.4m
——1625.0m
——1626.5m
——1630.2 m
——1634.1 m
——1640.2 m

y

NS}

Quantity adsorbed/(cm*/g STP)

SiMS CaMS$ Sis
0T o) = T60I8m — 16034 m — 16053 m
——16275m ——16572m —— 16613 m
——1665.6m —— 1666.3 m_~—— 1668.9 m
o S[H2
g
Q
s or
S
en 4r
o
5
S
s 2t
0
1
Pore size/nm
6
(d)
_ 5T 3
=
T ——1600.5 m
54F ——16124m
T —1625.0m
= —— 16265 m
S 3r = 16302m
= ——1634.1m
2, - 16402m
=
S
o
1
0 1

1 10 100
Pore size/nm

Fig. 7. a, c—Nitrogen adsorption—desorption isotherms, and b, d—shale pore size distribution.

35F@)
e F e — s
57 Fo—m
3.0 P v
/V
5L/ ~=-16572m —o— 1661.5m
/ “A- 16663 m -v— 1670.7 m

20 B /'

Excess sorption volume/(cm?/g)

0 5 10 15 20 25
Pressure/MPa

Fig. 8.
Sea Basin.

18.4%, respectively. In particular, the average contents of
total gas and methane from 1640 m to 1658 m can reach up to
51.2% and 50.7%, respectively.

4.2.6. Fractal dimension results

Fractal dimensions D1 and D2 were calculated using the
FHH model with the shale nitrogen adsorption data (Table 5).
The nitrogen adsorption—desorption curves show a hysteresis
loop at P/P, = 045, where two different adsorption
mechanisms are exhibited. The fractal dimension DI,
calculated when P/P, < 0.45, mainly reflects the roughness of
the pore surface, while the fractal dimension D2, calculated
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a—Excess methane sorption isotherms, and b—absolute methane sorption isotherms of the Lower Permian shales in the South Yellow

when P/P, > 0.45, reflects the complexity of the pore
structure.

The fitting coefficients of the fractal calculations are
generally greater than 0.97, indicating good fractal
characteristics. The fractal dimension D1 ranges from 2.5809
to 2.8095, with a mean value of 2.7019, and D2 ranges from
2.3505 to 2.8209, with a mean value of 2.6160. There are
small variations in D1 throughout the Lower Permian shales,
suggesting that the complexity of the pore surface does not
significantly correlate with the petrography or mineral
composition. However, the average D2 of Layer 2 is larger
than that of Layer 1, which may be due to the more complex
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pore structure caused by more dissolved pores, intergranular
pores, and organic pores in Layer 2. Therefore, shale
lithofacies have an important influence on the development of
pore structures. The D1 of CIS shale ranges from 2.5809 to

2.8095 (mean: 2.7083), while D2 ranges from 2.3505 to
2.8209 (mean: 2.6238). The D1 of CIMS shale ranges from
2.6206 to 2.7930 (mean: 2.7133), while D2 is distributed from
2.4036 to 2.7675 (mean: 2.6226) (Table 5). D1 is larger than
D2 for both the CIS and CIMS shales, probably because the

Table 4. Fitting parameters of the Langmuir-based excess micro- and mesopore types of the shale are mainly organic
sorption model. pores, resulting in a rougher pore surface.
Depth/ Weight/ Langmuir Langmuir  Density of  Fitting
m g volume/ pressure/  adsorbed coefficient/ 5. Discussion
(em®/g) MPa methane/ R?
3
(glem’) 5.1. Hydrocarbon generation potential of Lower Permian
1657.2 105.82 241 2.71 0.33 0.9979
shale
1661.5 105.3 1.67 3.55 0.33 0.9965
1666.3  110.14 224 2.86 0.34 0.996 The average TOC content of the Lower Permian shale is
16707 10448 448 212 0-64 0-9995 5.99%. The average TOC of the section with the most
Total gas content/% Methane content/%
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Fig. 9. Gas logging results of Lower Permian interval.
Table 5. Fractal dimension results calculated using the Frenkel-Halsey-Hill model.
Layer Depth/m P/Py<<0.45 P/Py>0.45
Fractal fitting equation R? D1 Fractal fitting equation R D2
Layer 1 1600.5 y=—0.2880x — 1.3419 0.9944 2.712 y=—0.4579x — 1.4590 0.9899 2.5421
1601.8 y=—0.3794x + 0.0902 0.996 2.6206 y=—0.3356x + 0.1674 0.9765 2.6644
1603.4 y=—0.3461x — 0.3345 0.9969 2.6539 y=—0.3772x — 0.3159 0.9854 2.6228
1605.5 y=—0.3464x + 0.0065 0.9979 2.6536 y=—0.3645x + 0.0356 0.9815 2.6355
1609.7 y=—0.4191x — 0.1054 0.9973 2.5809 y=—0.4252x — 0.0706 0.986 2.5748
1612.1 y=—0.2605x + 0.9605 0.9971 2.7395 y=—0.2279x + 0.9761 0.9827 2.7721
1612.4 y=—0.1905x — 1.3192 0.8636 2.8095 y=—0.5361x — 1.6320 0.9822 2.4639
1625.0 y=—0.2701x — 1.7207 0.9741 2.7299 y=—0.5590x — 1.8390 0.9854 2.441
1626.5 y=—0.2461x — 2.2315 0.8402 2.7539 y=—0.6492x — 2.4691 0.9851 2.3508
1627.5 y=—0.3039x — 0.6655 0.9935 2.6961 y=—0.4690x — 0.7235 0.9836 2.531
1630.2 y=—0.2703x — 1.9653 0.9018 2.7297 y=—0.5964x —2.2172 0.987 2.4036
1640.2 y=—0.3665x —2.3470 0.9154 2.6335 y=—0.5404x — 2.6237 0.9891 2.4596
Layer 2 1657.2 y=—0.2070x + 0.9555 0.9942 2.793 y=—0.2325x + 0.9023 0.9963 2.7675
1661.5 y=—0.3294x — 0.1609 0.999 2.6706 y=—0.3338x —0.1212 0.9765 2.6662
1662.1 y=—0.2591x + 0.6994 0.9975 2.7409 y=—0.2670x + 0.6917 0.9865 2.733
1664.8 y=—0.3690x + 0.2956 0.999 2.631 y=—0.3135x + 0.3856 0.9653 2.6865
1665.6 y=—0.3239x + 0.8394 0.9999 2.6761 y=—0.2925x + 0.8683 0.9786 2.7075
1666.3 y=—0.2337x + 1.2918 0.9905 2.7663 y=—0.1791x + 1.2900 0.9888 2.8209
1668.9 y=—0.2377x + 0.2656 0.9978 2.7623 y=—0.2474x + 0.2496 0.993 2.7526
1670.7 y=—0.2693x + 0.9168 0.9987 2.7307 y=—0.2484x + 0.9181 0.9883 2.7516
1678.6 y=—0.3435x — 0.5699 0.9985 2.6565 y=—0.4108x — 0.5769 0.9829 2.5892
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significant gas logging anomaly (1640-1658 m) reaches
7.51%, indicating good hydrocarbon generation potential.
This value is slightly higher than the average TOC of 6.48%
(2.62%—11.47%) for the Barnett Shale and lower than the
average TOC of 12.76% (9.99%—16.70%) for the Woodford
Shale, America. In the Sichuan Basin of UYP, the main
formations of shale gas development include the O;w-S,/, the
Lower Cambrian Qiongzhusi Formation (€,g), and the
Niutitang Formation (€;n). The TOC of the Lower Permian
shales in the study area is close to that of O;w-S,/ (2%—8.4%)
but higher than that of the Lower Cambrian (Fig. 10). The
current TOC threshold for commercial shale gas development
is approximately 2%, and the Lower Permian shales in the
study area meet the hydrocarbon generation conditions for the
formation of large shale gas reservoirs.

Pg can also be used to evaluate the hydrocarbon
generation potential of shales. The average Pg of the shales in
the study area is 0.95 mg HC/g rock, which is close to that of
the Longtan Formation shales in the Yangtze Platform but
lower than that of the Barnett and Woodford shales (Fig. 10).
This is because the Lower Permian in the study area is
dominated by high- and over mature shales, and the
hydrocarbon generation potential is largely depleted.
Similarly, the Ro values of the source rocks in high-yielding
shale gas fields in the Sichuan Basin, such as the Weiyuan,
Huangjinba, Changning, and Fuling gas fields, generally
exceed 2%, and the Pg values are also generally low. For
example, the average Pg of shales in the €, and €;n are 0.40
mg HC/g rock and 0.21 mg HC/g rock, respectively.

5.2. Evaluation of shale reservoir and its influencing factors
5.2.1. Reservoir capacity

Porosity is an important parameter for evaluating shale
gas resources (Chalmers GR and Bustin RM, 2015; Kuang LC

et al., 2022). The porosity of Lower Permian shales in the
study area is generally greater than 2%, which is lower than
that of the shales of Barnett, Marcellus, Haynesville, Eagle
Ford, and Woodford in North America, but close to that of the
shales of the S;/ and €,9 in UYP and the Lower Permian
shales of the onshore areas in LYP (Clarkson CR et al., 2013;
Cao TT et al., 2018). The development of shale gas fields,
including Fuling, Changning, Weiyuan, and Huangjinba in the
UYP, has shown that their porosity satisfies the reservoir
conditions for the formation of large shale gas fields. The
TSSA (0.30-11.50 m?/g, mean: 3.47 m%*g) and TPV (1.38—
13.71x10° cm®/g, mean: 7.21x107> cm?/g) of shales in the
study area are lower than those of the marine shales in
Weiyuan and Changning areas (Wang Y et al., 2016; Zhao
WZ et al., 2016; Li A et al., 2017; Zhou SW et al., 2018).
However, there are more meso- and macropores in the shales
of the study area, which is favorable for the storage of free
gas. It is concluded that the factors influencing the pore
development of Paleozoic shales in the LYP mainly include:
(1) The high-maturity shale produces a large number of
organic pores after hydrocarbon generation; (2) the clay
minerals have high relative content of illite with high pore
volume and low content of chlorite with low pore volume;
(3) the development of dissolution pores and microfractures in
brittle minerals (siliceous minerals and calcareous minerals).

5.2.2. Influencing factors of pore structure

A strong positive correlation (R* = 0.8083) is observed
between TSSA and TPV (Fig. 11). The SSA and TSSA of
micro- and mesopores in the shale are also positively
correlated, with correlation coefficients of 0.9587 and 0.8264,
respectively. The PV and TPV of mesopores also show a
strong positive correlation (R* = 0.9505), but the correlation
between the PV and TPV of macropores is relatively low (R* =
0.6492). Overall, the contributions of micropores and
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Fig. 10. Cross plot of total organic carbon and hydrocarbon generating potential of the Lower Permian shales in the South Yellow Sea com-
pared to other shale formations. Other shale formations include Barnett and Woodford shales in America (Jarvie DM et al., 2007; Ko LT et al.,
2018); Lower Cambrian Niutitang shales in Sichuan and northwest Hunan areas (Xi ZD et al., 2018; Xiao WY et al., 2021); Lower Cambrian
Qiongzhusi shales in Sichuan (Li CR et al., 2021; Zhao L et al., 2022); Lower Permian Longtan shales in Sichuan and southwest Guizhou areas
(He ZL et al., 2021; Zhang Q et al., 2020); Permian Dalong shales in Sichuan (Wei ZF et al., 2018); Permian Gufeng, Longtan and Dalong

shales in South Anhui, China (Cao TT et al., 2018).
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mesopores to the SSA are high, while the contribution of
mesopores to the PV is high.

The development characteristics of organic matter and
inorganic minerals have an important influence on shale pore
structure (Gao ZY et al, 2021). There is no significant
correlation between SSA and PV and TOC of meso-/
macropores (Figs. 12a, b), but has a positive correlation for
micropores, indicating that the high-mature organic matter
mainly contributes to the development of micropores. Quartz
is considered a rigid mineral that resists the compaction of
shales, and SSA and PV should increase moderately as the
quartz content increases. However, in this study, SSA and PV
show a negative correlation with quartz content, particularly
in the mesopores (Fig. 12), which may be related to the
secondary enlargement and cementation of quartz. The illite
and illite-smectite contents show a weak positive correlation
with SSA and PV (Fig. 12), which may be due to the partial
contribution of the micropores in these clay minerals. In
addition, illite—smectite commonly fills dissolution pores, and
its content may be an indicator of the development of
dissolution pores, which increases SSA and PV.

5.2.3. Effect of shale pore structure on methane sorption

capacity
Fig. 13 shows the relationships between the maximum

Pang et al. / China Geology 8 (2025) 707-724

absolute adsorption volume (V;) and pore structure
parameters. V; is positively correlated with TSSA and TPV,
indicating that shale with a larger surface area can adsorb
more methane (Fig. 13). V; is positively correlated with the
SSA of macropores, while it is weakly correlated with the
SSA of mesopores and micropores (Fig. 13). V; is positively
correlated with the PV of the micro-, meso-, and macropores
(Fig. 13). Generally, micropore adsorption is mainly filling
adsorption, whereas monolayer adsorption usually occurs in
the meso-/macropores for the supercritical methane under
experimental conditions. Therefore, the SSA, rather than PV,
is the determining factor for methane adsorption in the meso-/
macropores. In the study area, methane is mainly adsorbed in
mesopores, followed by macropores; micropores do not
significantly contribute to methane adsorption. This is
consistent with the large number of organic and intergranular
meso-/macropores observed in the SEM images (Fig. 4). In
addition, V; is positively correlated with the contents of
organic matter and clay minerals (Fig. 13), which also
indicates the importance of organic pores. The pore structure
of the Lower Permian shales in the study area is relatively
complex and is characterized by more organic pores and
meso-/macropores. This phenomenon is more common in the
over mature marine shales in South China. This implies that
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the free gas may have made a major contribution to the total
gas content in the study area.

5.2.4. Effect of shale mineral composition on shale gas
development

Mineral composition has an important influence on the
development of shale gas (Yasin Q et al., 2021; Li Y et al.,
2022). The differences in mineral composition between the
shales in the study area and typical shale gas fields are shown
in Fig. 14. The average content of the shale clay minerals in
the study area is 33.1%, with a high of content of illite having
a high pore volume. This value is lower than those of the Ohio
shale in the United States (average: 51.70%), Permian
Longtan Formation shale in the Sichuan Basin (average:
47.93%), and LYP Wannan area (average: 60.23%).
However, the clay mineral content in the study area is
comparable to that in the Barnett, Woodford, and Bossier
shales in the United States, the O;w-S,/, €;q and €;n shales in
Sichuan Basin, and the Permian shales in Wannan area, South
China (Fig. 14).

The content of brittle minerals (quartz, feldspar, pyrite,
and carbonate minerals) in shales is an important indicator for
determining the prospect of shale development (Zou CN et al.,
2010; Yang W et al., 2021). The brittle mineral content in the
shales of the study area is slightly higher than that of the Ohio
Shale in the United States, the Permian Longtan Formation
shales in the Sichuan Basin and Anhui Southern area, South
China (Fig. 14), indicating favorable conditions for fracturing

and development. In addition, Layer 2 is dominated by
calcareous minerals, which not only facilitates the shale gas
development but also improves the storage capacity. Overall,
by comparing the mineral composition of typical shale gas
fields, it is concluded that the shale in the study area is brittle
and shallowly buried, meeting the geological conditions for
low-cost development.

5.3. Potential evaluation of shale gas resource

In this study, a star diagram was used to evaluate the shale
gas prospective potential (Jarvie DM et al., 2007; Du XB et
al., 2015). TOC, porosity, thickness, brittle mineral content,
Ro, S;+S,, and TPV were selected and plotted in a star
diagram. The results show that the Permian shale gas potential
in the study area is comparable to that of the Barnett shale in
the United States and Fuling shale in the Sichuan Basin, South
China (Fig. 15). The shale gas potential of the Lower Permian
shale in the study area is not as high as that of the Barnett
shale but close to that of the Fuling shale gas field. The TOC,
S;+S,, TPV, and thickness of the shales in the study area are
higher than or close to the Fuling shale gas field, while the Ro
and Porosity indicators are slightly low. The relatively low Ro
is due to the fact that the CSDP-2 borehole is located in the
uplifted area of the basin, which suffered significant uplift and
denudation during the Indosinian period, resulting in a
relatively shallow burial depth of the Lower Permian in the
study area. However, in the northern and southern depressions
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Fig. 14.

Mineral composition (a) and percentage (b) of Lower Permian shales in the South Yellow Sea compared to other shale formations.

Other shale formations are Barnett, Woodford, Ohio and Bossier shales in America (Ding WL et al., 2012; Jarvie DM et al., 2007; Ko LT et al.,
2018); Dalong shales (Wei ZF et al., 2018), Longtan shales (Guo XS et al., 2019; He ZL et al., 2021), Wufeng-Longmaxi shales (Guan QZ et
al., 2016; Hu HY et al., 2018; Li M et al., 2022; Wang QT et al., 2019), Niutitang shales (Xiao WY et al., 2021) and Qiongzhusi shales (Liu RY
et al., 2022; Yang W et al., 2018) in Sichuan, China. Gufeng, Longtan and Dalong shales in south Anhui, China (Cao TT et al., 2018; Pan L et

al., 2015; Xu LF et al., 2020).
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Fig. 15. Star diagram for assessing the shale gas potential in the Lower Permian of the South Yellow Sea compared to the Barnett shale in
America (after Jarvie DM et al., 2007) and Fuling shale in Sichuan (after Guo XS et al., 2019).

of the South Yellow Sea, the Lower Permian is overlain by
thick Mesozoic-Cenozoic rifted basin deposits, which are
presumed to have higher Ro and greater shale gas potential. In
addition, the brittle mineral content (siliceous and calcareous
minerals) of the shales in the study area is close to that of the
Barnett and Fuling shales, indicating favorable shale gas
development conditions. Although the shale gas potential of
the study area is not as high as that of the Barnett shale, it is
comparable to that of the Fuling shale gas field in the UYP.
Thus, the shale gas potential of the Lower Permian in the
study area is high.

6. Conclusions

(i) The upper part of the Lower Permian in SYSB is
dominated by organic-rich siliceous shale, while the lower
part is dominated by clay-mixed shale with a high content of
calcareous minerals, and the clay minerals are rich in illite and
mixed illite/smectite. The Lower Permian is dominated by
type II,—II, organic-rich shale, and the organic matter has
entered the high-over mature evolution stage. A comparison
of organic geochemical indicators with other typical shale gas
fields shows that the Lower Permian shale in the study area
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meet the conditions for generating abundant shale gas.

(ii)) The pore types of the Lower Permian shales are
dominated by organic pores, dissolution pores, and
intergranular pores, followed by microfractures and intra-
grain pores of clay minerals, and the meso-/macropores are
well developed. The analysis of average porosity, total
specific surface area and pore volume of samples shows that
the reservoir capacities of CIMS and CIS shales are relatively
good. Shale lithofacies have an important influence on pore
structure, and the fractal dimension D1 is larger than D2 for
both CIS and CIMS shales, indicating that the roughness of
the pore surface is significant. The shale pore structure is
mainly controlled by the content of brittle minerals, as well as
illite and mixed illite/smectite in the clay minerals. The
methane gas adsorption isotherms are well fitted, and the
average Langmuir volume obtained is 2.70 cm*/g. Methane is
mainly adsorbed in mesopores, followed by macropores.

(ii1) The evaluation indicators of shale gas potential in the
study area are generally close to those of the Fuling shale gas
field in the Sichuan Basin. The Lower Permian shales are
brittle and shallowly buried, meeting the geological
conditions for low-cost development. In addition, this study
speculates that the depression areas of the basin, which are
overlain by thick Mesozoic-Cenozoic sediments, may have a
higher maturity of organic matter and a greater exploration
potential for shale gas.
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