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ABSTRACT

The Lower Cambrian shales in the Sichuan Basin are considered one of the most promising shale gas
resources in China. However, large-scale commercial development has not been achieved due to the
relatively low and significantly variable gas contents of the drilled shales. Excitingly, the first major
breakthrough in deep and ultra-deep Lower Cambrian shale gas was made recently in the well Z201 in
the southern Sichuan Basin, with a gas yield exceeding 73 x 10% m3/d. The success of well Z201 provides
a favorable geological case to reveal the distinct enrichment mechanism of deep and ultra-deep Lower
Cambrian shale gas. In this study, at drilling site of well Z201, fresh shale core samples with different gas-
in-place contents were collected, and their geochemical, pore development and water-bearing charac-
teristics were analyzed systematically. The results showed that the Z201 organic-rich shales reached an
overmature stage, with an average Raman maturity of 3.70%. The Z201 shales with high gas-in-place
contents are mainly located in the Qiongzhusi 1; section and the upper Qiongzhusi 1; section, with an
average gas-in-place content of 10.08 cm>/g. Compared to the shales with low gas-in-place contents, the
shales with high gas-in-place contents exhibit higher total organic carbon contents, greater porosities,
and lower water saturations, providing more effective pore spaces for shale gas enrichment. The effective
pore structures of the deep and ultra-deep Lower Cambrian shales are the primary factors affecting their
gas-in-place contents. Similar to the shales with high gas-in-place contents of well Z201, the deep and
ultra-deep Lower Cambrian shales in the Mianyang-Changning intracratonic sag, especially in the Ziyang
area, generally developed in deep-water shelf facies with high total organic carbon contents and thick
sedimentary thickness, providing favorable conditions for the development and preservation of effective
pores. Therefore, they are the most promising targets for Lower Cambrian shale gas exploration.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

expanded to deep (3500—4500 m) and ultra-deep (>4500 m) layers
(Nie et al., 2023; Sun et al., 2021). It is difficult to obtain precise

In the past two decades, shale gas has emerged as a significant
contributor to the increase in natural gas reserves and production
(Hao et al., 2013; Jarvie et al., 2007; Jia et al., 2012). With increasing
exploration extent, the exploration of shale gas has gradually
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seismic data and typical shale samples from deep and ultra-deep
strata, which is a significant challenge in evaluating gas-bearing
characteristics and predicting sweet spots in deep and ultra-deep
shales (Lei et al., 2021; Zou et al., 2014). The lower Paleozoic ma-
rine shales, developed in the Sichuan Basin, have been the focus of
shale gas exploration in China, and the deep and ultra-deep shale
gas constitutes more than 80% of the shale gas resources, exhibiting
enormous resource potential (Li et al., 2021c¢; Zhou and Zhang,
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2023). In recent years, deep and ultra-deep shale gas has become
the main exploration goal in the southern Sichuan Basin, and the
first 10! m> shale gas field of the deep Longmaxi Formation in
China was built in the Luzhou block (Borjigin et al., 2017; Li et al,,
2024; Wu et al., 2023). Despite significant advancements in deep
and ultra-deep shale gas exploration in the Sichuan Basin, the
overall exploration extents and performances have not met ex-
pectations. Although the Lower Cambrian and Upper Ordovician-
Lower Silurian organic-rich shales developed in the Sichuan Ba-
sin, but more than 90% of commercial shale gas was produced from
the latter shales (Feng et al., 2023a; Zou et al., 2019). The Lower
Cambrian shales developed in the Sichuan Basin are characterized
by large thicknesses, stable distributions, and higher total organic
carbon (TOC) contents, making them important scopes for the
exploration of shale gas (Dai et al., 2021; Yan et al., 2016). Compared
to the Lower Silurian shales, the Lower Cambrian shales developed
at earlier ages, buried at greater depths, and reached greater
maturity stages (Li et al., 2022a; Xiao et al., 2015). In addition, the
sedimentary environments of the Lower Cambrian shales exhibit
significant differences in various regions and formations, and
exhibit significant differences in gas-in-place (GIP) contents (Zhang
et al,, 2018).

As an unconventional natural gas resource, shale gas is charac-
terized by self-generation and storage. The generation and accu-
mulation of shale gas are closely related to the water-bearing, pore
development, and geochemical characteristics of shales (Ross and
Bustin, 2009). The gas generation potential and development of
OM pores are controlled by the content, type and maturity of
organic matter (OM) in shales (Gai et al., 2018; Zhang et al., 2012).
Moreover, the composition and content of clay minerals in shales
influence the development and preservation of inorganic matter
(IM) pores. Shale strata commonly contain complex pore systems
with different pore widths and types, among which, the distribu-
tion and occurrence of shale gas vary (Feng et al., 2023b; Loucks
et al., 2009). Therefore, the development characteristics of shale
pores are critical for their GIP contents (Curtis, 2002; Loucks et al.,
2012). Moreover, shale strata generally contain water in pore sys-
tems, which competes with shale gas, and the distribution and
occurrence of pore water largely influence the GIP contents of
shales (Cheng et al., 2022; Ukaomah et al., 2023).

The geological, geochemical, mineral composition, and pore
structure distributions (PSDs) of the shallow Lower Cambrian
shales in the Sichuan Basin and surrounding areas have been well
documented in previous studies, and these characteristics exhibit
significant differences in different regions and formations (Zhang
et al,, 2019). The Lower Cambrian shales in northern Guizhou and
western Hubei have evolved to highly mature or overmature stages,
with equivalent vitrinite reflectivity (EqQVR,) of 2.8%—4.0%. The
shales have TOC contents between 2.8% and 4.0% (Li et al., 2017;
Tian et al., 2015). For the Lower Cambrian shales in northern
Guizhou, the feldspar, clay and carbonate mineral contents are 54%,
33%, and 7%, respectively, while they are 33%, 35%, and 27%,
respectively, for the Lower Cambrian shale in western Hubei (Han
et al., 2013; Wang et al., 2016). Additionally, the pore develop-
ment degree in Lower Cambrian shales is generally less than that in
Lower Silurian shales and differs in various regions and formations.
For example, in northern Guizhou, the Lower Cambrian shales are
generally composed of OM pores with pore widths <30 nm (Wang
et al., 2016), while those in western Hubei are largely composed of
OM pores and dissolution IM pores with pore widths <50 nm (Dong
et al., 2024; Miao et al., 2023).

In the Sichuan Basin and surrounding areas, the Lower Cambrian
shales are widely distributed, and their thicknesses, burial depths,
and depositional environments exhibit significant differences in
various regions (Chen et al., 2017; Zhang et al., 2020). Within the
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Mianyang-Changning intracratonic sag, the Lower Cambrian shales
were developed in deep-water shelf facies and have the greatest
burial depth and thickness, which implies a large shale gas po-
tential (Wang et al., 2021; Wu et al., 2019). However, because of the
lack of typical deep and ultra-deep shale samples, the geological
characteristics of these shales are poorly understood.

Compared with the Lower Silurian shales, the Lower Cambrian
shales have a lower GIP content and obviously vary in different
regions and formations. Several explorations have been proposed
for this issue in previous studies. The prevailing view is that the
Lower Cambrian shale underwent significant hydrocarbon expul-
sion at the oil generation stage, and the residual hydrocarbons were
limited, which reduced the generation of shale gas in high maturity
stage (Liu et al., 2020). Some studies suggest that this is mainly
because the types of OM in the Lower Cambrian shales differ from
those in the Lower Silurian shales and significantly vary with
changes in depositional environment (Tan et al., 2015). In addition,
complex multistage tectonic transformations may be the main
factors influencing the GIP content of the Lower Silurian shales
(Huo et al., 2022; Liu et al., 2018). At present, however, little is
known about the gas-bearing properties of the deep and ultra-deep
Lower Cambrian shales, which is still a challenge in shale gas
exploration.

Recently, in the southern Sichuan Basin, the Lower Cambrian
shale gas exploration made the first major breakthrough in the
deep and ultra-deep Qiongzhusi shales of well Z201, with daily
production exceeding 73 x 10* m>. The exciting breakthrough of
well Z201 greatly enhanced the confidence of shale gas exploration
in the deep and ultra-deep Lower Cambrian shales and provided a
favorable geological case for revealing its unique enrichment
mechanism. In this study, the deep and ultra-deep Lower Cambrian
fresh core shale samples at different intervals were collected from
the well Z201 drilling site. To reveal the main reason for the high
GIP content, the reservoir characteristics of the Z201 shales,
including water-bearing, pore development, and geochemical
characteristics, were analyzed systematically. The results can
enhance the understanding of ultra-deep shale gas accumulation
and offer new insights for the exploration and development of the
Lower Cambrian shale gas, which may have significant theoretical
and practical implications.

2. Geological background

The Sichuan Basin is a large superimposed basin located on the
western margin of the Yangtze Plate, and it is a secondary tectonic
unit of the Yangtze Craton (Wang et al., 2016; Jiang et al., 2023).
During the Later Cambrian-Early Ordovician, due to the Tongwan
and Xingkai movements, the structural stress in the Sichuan Basin
changed from compressive to extensional and resulted in the for-
mation of the Mianyang-Changning intracratonic sag (Liu et al.,
2018; Liu et al., 2012). The Lower Cambrian Qiongzhusi shales are
widely distributed in the Sichuan Basin, with whose thickness and
distribution are mainly controlled by the intracratonic sag (Li et al.,
2022b; Wei et al., 2020). In the intracratonic sag, the Qiongzhusi
shale developed in deep-water shelf facies, and its thickness
gradually decreased from exceeding 400 m in the center of the
intracratonic sag to less than 100 m in the margin areas (Fig. 1(a)).
According to lithological characteristics, the Qiongzhusi Formation
can be divided into two sections. The lower section is mainly
composed of black, gray-black, and light gray mudstone and silty
mudstone, with thin layers of siliceous rocks and carbonate rocks
developed locally. The upper section is mainly composed of dark
gray, gray, and gray-green argillaceous siltstone and siltstone, with
thin layers of fine sandstone and carbonate rocks (Fig. 1(b)).
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3. Samples and experiments
3.1. Samples

In this study, a total of 14 Lower Cambrian Qiongzhusi shale
samples were collected from well Z201, including 10 ultra-deep
shale samples from the Qiongzhusi 1 member (Q1) section, with
burial depths between 4500 m and 4900 m, and 4 deep shale
samples from the Qiongzhusi 2 member (Q2) section, with burial
depths between 4400 m and 4500 m. At the drilling site of well
7201, after the shale core was brought to the surface, the mud on
the surface of the core was wiped off using absorbent paper. The
shale core in the target interval was crushed into large pieces and
submerged in water, and the bubble release degree was used to
preliminarily determine the extent of gas bearing in the shale. Shale
samples from gas-bearing intervals were selected, and small shale
plungers (2.5 cm x 2.0 cm) were drilled from the inside of the fresh
shale cores. The drilled shale plunger samples were immediately
sealed in ziplock bags, placed in a low-temperature box, and
analyzed in the laboratory. The gas in the shales can prevents the
entry of external water, and the as-received shale plungers serve as
proximate representations of the water-bearing characteristics of
the shales under geological conditions (Cheng et al., 2018).

3.2. Experiments

3.2.1. TOC contents and mineral compositions

A portion of the shale plunger sample was crushed to a size <80
mesh (0.2 mm), and the shale particle sample was placed into a
crucible after weighing. A 5% dilute hydrochloric acid solution was
added to the crucible, and heated at 80 °C for 4 h to dissolution
carbonate minerals in shale samples. Next, the shale sample was
washed several times with deionized water to remove residual
chloride ions, dried at 105 °C for 12 h and weighed again. Subse-
quently, the TOC content of the shale sample was analyzed by a
Leco CS-230 carbon-sulfur analyzer.

A portion of the shale plunger sample was crushed to a size
<200 mesh (<0.074 mm), and dried at 120 °C for 10 h. Then, a
Bruker D8 Advance X-ray diffractometer (XRD) was used to analyze
the mineral composition of the shale sample. The instrument
operate with a voltage and current of 40 kV and 30 mA, respec-
tively, and the XRD pattern was measured with a scanned step size
of 0.02° (26) and a range of 3°—85°. The peak area integration
method was used to calculate the relative mineral content of the
shale sample (Chalmers and Bustin, 2008). Based on the mineral
compositions, the brittleness index of the shale was calculated by
Eq. (1) (Chen and Xiao, 2013; Rybacki et al., 2016).

(Dolomite + Calcite + Feldspar + Quartz) x 100%
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OM was characterized using the ratio of the height of the D peak
(Dh) and G peak (Gh) (Liu et al., 2013), and the grmcRo% wWas calcu-
lated by Eq. (2):

Dh

rmcRo%=1.1659h (ﬁ) +2.7588 (2)

where h(Dh/Gh) represents the ratio of the height of the D peak
(Dh) to that of the G peak (Gh).

3.2.3. Porosity and pore structure

The shale porosity (®) was calculated using the bulk density
(ppuik) and skeleton density (pskeletar) (Yu et al., 2018). The pskeletal Of
the dried shales was measured using a Quantachrome Ultrapyc
1200e helium density meter. After first weighing (m;, g), the shale
block was sealed with wax and weighed again (my, g). The mass of
the sealed shale block was measured (ms, g) using a DAHO-120 M
high-precision electronic hydrometer. Then, the ppyx and porosity
of the shale are calculated by Eqgs. (3) and (4), respectively.
(3)

Poulk =My / (My —m3 — (Mp —my) / pc)

@ =100% x (1 — ppuk / Pskeletal) (4)
where p¢ is the density of the wax, which is 0.9136 g/cm?, and the
density of the deionized water is 1 g/cm>.

The non-micropore (>2 nm) and micropore (<2 nm) of the
shales were measured by low-pressure N, adsorption (LPNA) and
CO, (LPCA) experiments, respectively. The measurements were
conducted using a Micromeritics ASAP 2020 M adsorption instru-
ment. First, the as-received shale sample was crushed to 20—40
mesh (0.45 mm-0.84 mm) and divided into two parts: one part
was dried, and the other part was kept under as-received condition.
The LPNA measurement was performed at a relative pressure (P/Pg)
of 0.005-0.995 at -196 °C (liquid nitrogen). The Bar-
rett—Joyner—Halenda (BJH) model and Brunauer—Emmett—Teller
(BET) model were used to calculate the pore volume (PV) and
specific surface area (SSA) of non-micropores, respectively. The
LPCA measurements were set with a P/Py of 0.00001—-0.032 at 0 °C
(ice—water mixture), and the PV and SSA of the micropores were
calculated by the density functional theory (DFT) model.

3.2.4. Scanning electron microscope (SEM)

The as-received shale sample was cut into small pieces of 1.0
cm x 1.0 cm x 0.4 cm perpendicular to bedding plane. Firstly, the
surface of the sample was mechanically polished, followed by argon
ion polishing for 4 h. Finally, the micro pore structure of the sample
was observed using Hitachi S8010 field emission scanning electron

Brittleness Index =

Clay + Dolomite + Calcite + Feldspar + Quartz

3.2.2. Thermal maturity measurement

A shale block sample was used to prepare polished sections. A
HORIBA-JY LabRAM fully automatic microscopic Raman spec-
trometer was used to measure the Raman spectra of the OM in the
shale. A 50x objective lens and a He-Ne laser with an intensity set
at 30 mV and a wavelength of 532 nm were used in the measure-
ment. The exposure time and scanning range were 10 s—20 s and
500 cm~'-3000 cm~!, respectively. At least 5 OM particles were
measured for each shale sample. The Raman reflectivity (rmcRo%) of
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(1)

microscopy (FE-SEM). During the experiment, the working distance
of the SEM was set at 1.5 mm—4.0 mm, and the acceleration voltage
was 1 kV—3 kV.

3.2.5. Pore water content (Cpy) and water saturation (Syy)

The as-received shale sample was weighed to obtain the initial
mass (mag, g), after which the sample was dried at 120 °C for 12 h
and weighed multiple times until the mass remained basically
consistent (with a maximum error of no more than 3% for three
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consecutive measurements) to obtain the mass of the dried shale
sample (mpyy, g). The Cpw and Sw were calculated by Egs. (5) and
(6), respectively (Cheng et al., 2018):

(5)

CpW = (mAR — mDry) x 1000 / Mpyry

Sw=Cpw X ppuik / (10 P x py) (6)

where pyy is the density of water and was taken as 1 g/cm?>.

4. Results and discussion
4.1. GIP contents of the Z201 shales

The GIP content varies in different Qiongzhusi shale strata. The
shales with high GIP content (Syg) are mainly located in the upper
Q1; section and the Ql, section, with burial depths of
4557.6—4852.0 m. The GIP contents of the Sy were in the range of
6.06—14.25 cm’/g, with an average value of 10.08 cm?/g (Table 1
and Fig. 2). The shales with low GIP content (Sig) are located in
the Q2 section and the lower Q1; section, with burial depths of
4469.1-4486.1 m and 4858.9—4879.9 m, respectively. The GIP
contents of the S;; were in the range of 3.25—5.37 cm?/g, with an
average value of 4.54 cm>/g (Table 1 and Fig. 2). Overall, the GIP
content of the Z201 shales initially increases and then decreases
with the increasing of burial depth, and the sweet spots of shale gas
are the Q1, section and the upper Q1; section (Table 1 and Fig. 2).

4.2. TOC content, maturity, and mineral composition of the Z201
shales

OM is abundant in the Z201 shales, with TOC contents in the
range of 1.43%—6.90%, with an average of 3.40% (Table 1). As the
burial depth increases, the TOC contents first increase and then
decrease. For the S;¢, the TOC contents are in the range of 1.53%—
4.12%, with an average of 2.25%, and those of the Sy are in the range
of 1.70%—6.90%, with an average of 4.26%. The TOC content of the
former shales is much lower than that of the latter shales (Table 1).
OM in the Z201 shales has evolved to overmature stages, with gmcRo
are in the range of 3.68%—3.73%, with an average of 3.70% (Table 1
and Fig. 3). The maturity of the OM in the Z201 shales is basically
greater than that in the Lower Silurian shales (Cheng et al., 2018).

The Z201 shales are mainly composed of quartz, feldspar and
clay minerals. The contents of quartz are in the range of 16.8%—
78.0%, with an average of 29.23%. The contents of feldspar are in the

Table 1
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range of 2.3%—39.8%, with an average of 21.41%. The contents of clay
minerals are in the range of 11.2%—62.5%, with an average of 42.5%.
Additionally, the Z201 shales contain small amounts of minerals
such as calcite, dolomite, and pyrite, whose contents are generally
less than 5.0% (Table 1). Compared to the Longmaxi shales, the Z201
shales have lower quartz and clay mineral contents but significantly
higher feldspar contents (Li et al., 2018). The average contents of
quartz, feldspar and clay minerals in S; are 38.4%, 14.2% and 41.3%,
respectively, but in Syg, they are 22.4%, 26.8%, and 43.4%, respec-
tively. The brittleness index of the shales are in the range of
36.93%—88.63%, with an average of 56.88% (Table 1). The brittleness
index of Si¢ are in the range of 41.50%—87.92%, with an average of
58.23%, and those of Syg are 42.70%—63.39%, with an average of
55.86%. The brittleness index of the former shales is basically
consistent with the latter shales.

4.3. Pore characteristics and influencing factors

4.3.1. Porosity and pore structure

The porosities of the deep and ultra-deep Z201 shales are in the
range of 1.87%—6.16%, with an average of 4.46%. The average po-
rosities of S and Syg are 3.20% and 5.41%, respectively, and the
average porosity of the former shales is much lower than that of the
latter shales (Table 1 and Fig. 4). The Z201 shales developed abun-
dant nanopores (Table 2). The average SSA of micropores, non-
micropores, and total pores are 15.29, 16.81, and 3210 m?/g,
respectively. The average PV of micropores, non-micropores, and
total pores are 0.0024, 0.0161, and 0.0185 cm?/g, respectively
(Table 2). The average SSA of the micropores, non-micropores, and
total pores are 13.26, 12.63, and 25.89 m?/g, respectively, for Si¢ and
16.81, 19.94, and 36.75 m?/g, respectively, for Syc (Table 2). The
average PV of the micropores, non-micropores, and total pores were
0.0021, 0.0145, and 0.0165 cm?/g, respectively, for the Sig and
0.0027, 0.0174, and 0.0200 cm?/g, respectively, for the Sy (Table 2).
The pore structures of S; are significantly smaller than those of Syg.

4.3.2. Influencing factors of pore development

The compositions and contents of OM and IM in shales have a
decisive influence on pore development characteristics. For the Si¢,
the TOC content and brittleness index exhibited strong positive
correlations with the SSA and PV of micropores and negative cor-
relations with the SSA and PV of non-micropores. In addition, the
clay minerals content shows negative correlations with the SSA and
PV of micropores and a positive correlation with the PV of non-
micropores (Fig. 4(a)—(f)). For the Syg, the TOC content shows

Geological, geochemical, water-bearing, porosity, and GIP characteristics of the deep and ultra-deep Z201 shales.

Samples Depth, m Formation TOC, % grmcRo, % Minerals content, % BL% &% Cow mglg Sw.% GIP, cm’/g  Type
Quartz Feldspar Calcite Dolomite Pyrite Clay

Z7201-18  4469.1 Q2 1.70 18.5 184 2.2 1.9 1.2 57.8 4150 420 8.87 38,57 325 Sic
7201-25  4476.2 Q2 143 19.5 154 4.5 3.7 14 55.5 43.71 271 1043 35.04 474

Z201-29  4480.0 Q2 1.93 3.68 16.8 12.7 4.5 2.6 0.9 62.5 3693 398 941 3125 455

Z201-35  4486.1 Q2 1.53 20.0 28.9 1.4 2.2 1.5 46.0 5330 4.07 732 2372 512

7201-85  4577.6 Q1, 1.70 3.70 194 203 14 1.0 14 56.5 42.70 6.16 7.85 29.85 6.06 Shc
Z7201-102 4594.5 Q1, 3.28 18.8 31.1 0.6 0.7 13 47,5 51.87 6.05 823 1953  7.56

Z201-108 4600.4 Q1, 4,53 17.5 39.8 1.9 0.8 1.5 385 6091 612 924 1741 1146

7201-112  4604.5 Q1, 5.82 18.6 34.7 2.4 1.0 23 41.0 58.03 495 11.19 17.83 873

7201-154 4762.5 Q14 1.76 18.0 15.0 55 16.8 1.8 429 5631 4.08 6.25 2359 878

Z201-177 4786.1 Q14 435 28.0 23.7 33 1.1 13 42.6 56.84 541 8.76 28.32 1091

Z201-186 4795.5 Q14 5.73 25.0 24.6 2.2 4.2 1.5 425 56.85 5.89 898 2126 14.25

7201-203 4852.0 Q14 6.90 3.73 33.8 25.5 1.8 0.9 2.2 358 6339 460 9.39 27.54 12.89

Z201-210 4858.9 Q14 2.78 3.68 77.3 23 4.1 3.6 1.5 112 88.63 236 247 2206 537 S
Z7201-212 4879.9 Q14 412 78.0 73 0.0 0.0 0.0 147 8530 1.87 6.83 824 420

Note: Bl—brittleness index; ¢—porosity; C,w—pore water content; S,,—water saturation; GIP—gas-in-place.
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shales.
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strong positive correlations with the SSA and PV of micropores and
weak positive correlations with the SSA and PV of non-micropores.
However, there are no apparent linear correlations between the
brittleness index and clay minerals with pore structures
(Fig. 4(g)—(i)).

There are significant differences in pore types and structures
between Si; and Syg. According to the correlations between the
shale composition and pore structures (Fig. 4), the S;g micropores
mainly consist of OM pores and a small amount of brittle mineral-
hosted pores. The linear regression analysis results indicate that
OM pores contribute more than 54% and 85% to the SSA and PV of
micropores, respectively, while non-micropores are mainly clay-
hosted pores (Fig. 5(a), (b)). Both the micropores and non-
micropores of Syg are primarily OM pores. OM pores contribute
more than 53% and 70% to the SSA and PV of micropores, respec-
tively. OM pores contribute more than 50% to the SSA of non-
micropores. IM pores, including brittle mineral-hosted and clay-
hosted pores, barely developed in the Syg (Fig. 5(c), (d)).

Compared to the Si; and the Lower Cambrian shales in other
areas, the Syg has well-developed OM pores, with a larger SSA and
PV. The TOC contents of the Sy¢ are in the range of 1.70%—6.90%,
with an average of 4.26%; the rmcRo reaches 3.70%, indicating a high
degree of thermal evolution. The thermal evolution process can
form a large number of OM pores, providing substantial space for
the occurrence of shale gas (Xie et al., 2023; Yang and Guo, 2020).
Additionally, the Syc have a high brittleness index. During the
burial process, abundant brittle minerals can form particle frame-
works that effectively resist external pressure, providing support
and protecting OM pores (Katsube and Williamson, 1994; Zhang
et al.,, 2023).
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Fig. 3. Raman spectra of the typical deep and ultra-deep Z201 shales.

4.4. Water-bearing characteristics and influencing factors

44.1. Cpw and Sw

The Z201 shales have a low Cpw and Sy, and the Cpy is in the
range of 2.47—11.19 mg/g, with an average of 8.23 mg/g; the Sy is in
the range of 8.24%—38.57%, with an average of 24.59%. The Cpw of
Sic was in the range of 2.47—-10.43 mg/g, with an average of
7.56 mg/g, and that of Sy was in the range of 6.25—11.19 mg/g, with
an average of 8.74 mg/g. The Sy of S was in the range of 8.24%—
38.57%, with an average of 26.48%, and that of Sy was in the range
of 17.41%—29.85%, with an average of 23.17% (Table 1). The Cpw of
St is smaller than that of Syg, and the Sy of Sig is much greater
than that of Syg.

4.4.2. Influencing factors of water-bearing characteristics

The compositions and contents of OM and IM in shales have a
decisive influence on the Cpyw and Sy (Chang et al., 2022). For the
Sic, the Cpw and Sw exhibited negative correlations with the TOC
content and brittleness index and positive correlations with the
clay minerals content (Fig. 6). For the Sy, the Cpy exhibits positive
correlations with the TOC and clay minerals content and a negative
correlation with the brittleness index, while the Sy exhibits nega-
tive correlations with the TOC content and brittleness index and a
positive correlation with the clay minerals content (Fig. 6).

The correlation results suggest that the Cpy and Sy are primarily
controlled by the clay minerals content; in addition, water can also
exist in OM pores. The grpcR, of the Z201 shales reaches 3.70%,
indicating an overmature degree, which is strongly hydrophobic,
and a higher TOC content can lead to a decrease in Sw. However, the
oxygen-containing functional groups in OM can bind and adsorb
water to OM pores (Cheng and Heidari, 2018; Li et al., 2016). Brittle
minerals are hydrophobic and lack oxygen-containing functional
groups, which is unfavorable for water adsorption and storage
(Cheng and Heidari, 2018; Li et al., 2016). Clay minerals, on the
other hand, are hydrophilic (Berend et al., 1995). Clay minerals can
develop abundant interlayer pores, which are the main adsorption
and storage spaces for pore water (Anderson et al., 2019; Mu et al.,
2021).

The occurrence and distribution of water are determined by the
pore structure (Cheng et al., 2023). For the Sig, the Cpw and Sw
exhibited negative correlations with the SSA and PV of micropores,
the Cpw exhibited positive correlations with the SSA and PV of the
nonmicropores, and the Sy exhibited no linear correlations with
the SSA and PV of the nonmicropores. For the Syg, the Cpyw exhibits

strong positive correlations with the SSA and PV, and the Sy ex-
hibits negative correlations with the SSA and PV (Fig. 7).

The different correlations between pore structures and Cpy and
Sw of the Z201 shales are mainly related to the pore development
characteristics. The micropores in the Z201 shales are primarily
composed of OM pores and a small amount of brittle mineral-
hosted pores. Both OM and brittle minerals are hydrophobic and
unfavorable for water occurrence. The non-micropores of the Z201
shales were mainly provided by OM and clay-hosted pores, and clay
minerals exhibit strong hydrophilicity, with clay-hosted pores
serving as the primary space for pore water.

4.5. Effective pore structures of the deep and ultra-deep Z201 shales

4.5.1. Influence of water-bearing characteristics on pore structures

Shale strata generally contain water under geological condi-
tions. Pore water can affect the pore structures by occupying or
blocking part of the pore space (Lu et al., 2020; Zeng et al., 2019).
The effects of pore water on pore structures can be indicated by the
differences in the LPCA/LPNA isotherms of the shales under as-
received and dried conditions.

The LPCA isotherm patterns of the Z201 shales under as-
received and dried conditions exhibit similar shapes. With
increasing P[Py, the quantity of adsorbed CO, gradually increases,
resulting in a typical Type I adsorption isotherm characterized by
micropore filling and monolayer adsorption (Fig. 8(a)) (Lu et al.,
2020; Zeng et al., 2019), which indicates a large number of micro-
pores in the Z201 shales. However, the LPNA isotherm patterns of
the shales under as-received and dried conditions show significant
differences. As P/Py increases, the quantity of adsorbed N, gradually
increases but does not reach adsorption saturation when P/Py ap-
proaches 1.0, which indicates the presence of a certain amount of
mesopores and macropores in shales (Kuila and Prasad, 2013; Tian
et al., 2013). In addition, there are obvious hysteresis loops between
the adsorption and desorption curves, and the morphology of the
hysteresis loops indicates that the pores of the Z201 shales mainly
exhibit ink bottle-shaped pores and parallel plate-like narrow slit
pores (Fig. 8(b)) (Ghanizadeh et al., 2015). The adsorption capacity
and morphology of the hysteresis loops of the as-received shales
are much smaller than those of the dried shales, indicating that
pore water can change effective pore structures by occupying
certain pore spaces of shales (Gao et al., 2023). Under dried and as-
received conditions, the LPCA/LPNA isotherms of S;; are lower than
those of Syg, which indicates that the former shales have smaller
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Fig. 4. Correlations between the total organic carbon (TOC) content ((a), (d), (g), (j)), brittleness index ((b), (e), (h), (k)), clay minerals content ((c), (f), (i), (1)) and specific surface
area (SSA) and pore volume (PV) of the deep and ultra-deep Z201 shales.

pore structures than the latter shales (Fig. 8). width, the PSDs of non-micropores SSA gradually decrease for the

The PSDs of micropores PV for the Z201 shales are similar under dried shales but exhibit a “unimodal” distribution with a peak at a
dried and as-received conditions and exhibit a “bimodal” distri- pore width of 5 nm for the as-received shales. Additionally, the
bution, with peak pore widths of 0.80—0.90 nm and 0.45—0.65 nm, PSDs of the non-micropores PV exhibited a similar unimodal dis-
respectively (Fig. 9(a)). Notably, all of the micropore volumes dis- tribution pattern for both the as-received and dried shales, with the

appeared in the PSDs when the pore widths <0.45 nm, which may peak value also occurring at the pore width of 5 nm (Fig. 9(b), (c)).
be attributed to the fact that the micropores of shales with pore The PSDs of non-micropores indicate that when the pore width
widths <0.45 nm were completely occupied or blocked by water is < 20 nm, the non-micropore structures of the Z201 shales under
under as-received condition (Fig. 9(a)). The PSDs of non-micropores as-received condition are smaller than those under dried condition,
were smaller for the Z201 shales under as-received condition than and the difference becomes more pronounced when the pore width
for those under dried condition and exhibited different distribution is <10 nm. This indicates that in the Z201 shales, pore water is
characteristics under different conditions. With the increase of pore primarily present in pores <20 nm, especially those <10 nm.
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Table 2
Pore structure characteristics of the deep and ultra-deep Z201 shales under as-received and dried conditions.
Samples  SSA, m?/g PV, cm®/g Type
As-received Dried As-received Dried
Micropores Non- Total Micropores Non- Total Micropores Non- Total Micropores Non- Total
micropores  pores micropores  pores micropores  pores micropores  pores

7201-18 7.23 1.67 8.90 8.41 11.71 20.12 0.0008 0.0076 0.0084 0.0012 0.0140 0.0152  Si¢
Z201-25 9.76 1.59 11.35 11.15 13.53 24.68 0.0011 0.0074 0.0085 0.0016 0.0155 0.0171
Z201-29 10.32 241 12.73 13.35 15.16 28.51 0.0012 0.0103 0.0115 0.0019 0.0182 0.0201
Z201-35 9.42 3.55 12.97 10.71 13.54 24.25 0.0011 0.0127 0.0138 0.0014 0.0170 0.0184
7201-85 9.31 2.04 11.35 11.03 14.30 25.33 0.0011 0.0089 0.0100 0.0015 0.0153 0.0168  Suc
Z201-102 12.70 5.24 17.94 15.55 18.73 34.28 0.0018 0.0158 0.0176  0.0022 0.0205 0.0227
Z201-108 16.63 7.38 24.01 18.71 24.54 43.25 0.0025 0.0171 0.0196  0.0030 0.0224 0.0254
Z7201-112  19.60 6.65 26.25 22.50 28.60 51.10 0.0031 0.0140 0.0171  0.0037 0.0227 0.0264
Z201-154 8.20 248 10.68 10.48 10.75 21.23 0.0010 0.0097 0.0107 0.0014 0.0120 0.0134
Z201-177 15.59 4.05 19.64 17.00 19.47 36.47 0.0024 0.0113 0.0137  0.0028 0.0155 0.0183
Z201-186 16.20 4.56 20.76 19.19 22.84 42.03 0.0027 0.0115 0.0142  0.0032 0.0172 0.0204
Z201-203 16.16 133 17.49 20.00 20.30 40.30 0.0029 0.0067 0.0096 0.0034 0.0135 0.0169
Z201-210 3.94 1.89 5.83 18.17 4.16 22.33 0.0010 0.0044 0.0054 0.0031 0.0082 0.0113  Si¢
Z201-212 1526 2.75 18.01 17.75 17.70 35.45 0.0027 0.0089 0.0116  0.0033 0.0138 0.0171

Note: SSA—specific surface area; PV—pore volume.

4.5.2. Effective pore structures of the Z201 shales

The various in pore structures of the Z201 shales under dried
and as-received conditions can be used to calculate the water-
occupied or blocked pore spaces (Table 3). For the Sig, the
average differences in the SSA of the micropores, non-micropores,
and total pores are 3.94, 10.32, and 14.26 m?/g, respectively, and
the average differences in the PV are 0.0008, 0.0059, and
0.0067 cm?/g, respectively (Table 3). For the Syg, the average dif-
ferences in the SSA of micropores, non-micropores, and total pores

Quartz

I 1

SU8000 1.5kV 3.8mm x30.0k SE(UL) l.OOulrll

BB s. 2201203

OM pores

oo |
SU8000 1.5kV 3.9mm x50.0k SE(UL) 1.00um

are 2.51, 15.73, and 18.23 m?/g, respectively, and the average dif-
ferences in the PV are 0.0005, 0.0055, and 0.0060 cm?/g, respec-
tively (Table 3).

The water-occupied or blocked pore space is ineffective for shale
gas storage. In this study, the effective pore structures of the Z201
shales were quantitatively characterized by the proportion of the
effective pore structure to the total pore structure (Pg) (Gao et al.,
2022). The results indicate that pore water in shales can obvi-
ously reduce pore space. For the Sig, the average water-occupied

1.00um

OM pores

SU8000 1.5kV 3.8mm x45.0k SE(UL)

Fig. 5. Typical scanning electron microscope (SEM) images of the deep and ultra-deep Z201 shales. (a) Organic matter (OM) pores and brittle-hosted pores of the shales with low
gas-in-place contents (Sig); (b) OM pores and clay-hosted pores of the Sic; ((c), (d)) OM pores of the shales with high gas-in-place contents (Syg), and inorganic matter (IM) pores

barely developed in the Syc.
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Fig. 7. Correlations between the specific surface area (SSA) and pore volume (PV) with pore water content (Cpw) ((a), (b), (e), (f)) and water saturation (Sw) ((c), (d), (g), (h)) of the
deep and ultra-deep Z201 shales.
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Table 3
Differences in the pore structure of the deep and ultra-deep Z201 shales under as-received and dried conditions.
Samples Micropores Non-micropores Total pores Type
SSA, Percentage, PV, Percentage,  SSA, Percentage, PV, Percentage, SSA, Percentage, PV, Percentage,
m?lg % cam’ls % m’lg % cam’le % m?lg % cm?ls %
Z7201-18 1.18 14.03 0.0004 3333 10.04 85.74 0.0064 45.71 1122 55.77 0.0068  44.74 S
Z7201-25 139 1247 0.0005 31.25 1194 88.25 0.0081 52.26 1333  54.01 0.0086  50.29
Z201-29 3.03 2270 0.0007 36.84 12.75 84.10 0.0079  43.41 15.78 55.35 0.0086  42.79
Z201-35 129 12.04 0.0003 2143 999 73.78 0.0043  25.29 11.28  46.52 0.0046  25.00
7201-85 172  15.59 0.0004 26.67 1226  85.73 0.0064 41.83 1398 55.19 0.0068  40.48 SH
Z201-102 2.85 1833 0.0004 18.18 1349 72.02 0.0047 2293 1634  47.67 0.0051 2247
Z201-108 208 11.12 0.0005 16.67 17.16  69.93 0.0053  23.66 19.24 4449 0.0058  22.83
Z7201-112 290 12.89 0.0006 16.22 2195 76.75 0.0087 38.33 2485 48.63 0.0093 35.23
Z201-154 228 2176 0.0004 28.57 827 7693 0.0023  19.17 1055 49.69 0.0027  20.15
Z201-177 1.41 8.29 0.0004 14.29 1542  79.20 0.0042  27.10 16.83  46.15 0.0046  25.14
Z201-186 299 1558 0.0005 15.63 18.28 80.04 0.0057 33.14 2127 50.61 0.0062  30.39
Z7201-203 3.84 1920 0.0005 14.71 1897 9345 0.0068  50.37 2281 56.60 0.0073  43.20
Z201-210 14.23 7832 0.0021 67.74 227 5457 0.0038  46.34 1650 73.89 0.0059 52.21 Sie
Z7201-212 249 14.03 0.0006 18.18 14.95 84.46 0.0049 35.51 17.44  49.20 0.0055 32.16

Note: SSA—specific surface area; PV—pore volume.

SSA percentages of micropores, non-micropores, and total pores are
25.60%, 78.48%, and 55.79%, respectively, and the average water-
occupied PV percentages of micropores, non-micropores, and to-
tal pores are 34.80%, 41.42%, and 41.20%, respectively (Table 4 and
Fig. 10). For the Sy, the average water-occupied SSA percentages of
micropores, non-micropores, and total pores are 15.35%, 79.26%,
and 49.88%, respectively, and the average water-occupied PV per-
centages of micropores, non-micropores, and total pores are
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18.87%,32.07%, and 29.99%, respectively (Table 4 and Fig. 10). The Pg
is different for pores with different pore widths. The P values of the
micropores SSA and PV are significantly and slightly greater than
that of non-micropores SSA and PV, respectively. In addition, the Pg
values of the micropores SSA are slightly greater than that of mi-
cropores PV, while the Pg values of non-micropores SSA are obvi-
ously less than that of the non-micropores PV (Table 3 and Fig. 10).
Overall, the Pg values of the Syg are greater than that of the Sig,
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Table 4
Effective pore structures of the deep and ultra-deep Z201 shales.
Samples Percentages of the effective pore structure, % Percentages of the water-occupied pore structure, % Type
SSA PV SSA PV
Micropores Non-micropores Micropores Non-micropores Micropores Non-micropores Micropores Non-micropores
Z201-18 35.93 8.30 5.26 50.00 5.86 49.90 2.63 42.10 Sie
Z7201-25 39.54 6.44 6.43 4327 5.63 48.38 2.92 4737
Z201-29 36.20 8.45 5.97 51.24 10.63 44.72 3.48 39.31
Z201-35 38.85 14.64 5.98 69.03 5.32 41.20 1.63 23.37
Z201-85 36.76 8.06 6.55 52.98 6.79 48.40 2.38 38.10 SHe
Z201-102 37.05 15.29 7.93 69.60 8.31 39.35 1.76 20.71
Z201-108 38.45 17.06 9.84 67.32 4.81 39.68 1.97 20.87
Z201-112 38.36 13.01 11.74 53.03 5.68 42.96 227 32.96
7201-154 38.62 11.68 7.46 72.39 10.74 38.95 2.98 17.17
Z201-177 42.75 11.10 13.11 61.75 3.86 42.28 2.19 22.95
Z201-186 38.54 10.85 13.23 56.37 7.11 43.50 245 27.94
Z201-203 40.10 3.30 17.16 39.65 9.53 47.07 2.96 40.24
Z7201-210 17.64 8.46 8.85 38.94 63.73 10.17 18.58 33.63 Sic
Z201-212 43.05 7.76 15.79 52.04 7.02 42.17 3.51 28.66
Note: SSA—specific surface area; PV—pore volume.
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Fig. 10. Percentages of the effective pore specific surface area (SSA) and pore volume (PV) for the deep and ultra-deep Z201 shales.

which is one reason for the high GIP content of the Syg.

Based on the pore development and water-bearing character-
istics, an effective pore model of the Z201 shales was preliminarily
established in this study (Fig. 11). For the Sig, the SSA Pg values of
micropores, non-micropores, and total pores are 35.20%, 9.01%, and
44.21%, respectively, and the PV Pg values of micropores, non-
micropores, and total pores are 8.05%, 50.75%, and 58.80%,
respectively. For the Syg, the SSA Pg values of micropores, non-
micropores, and total pores are 38.83%, 11.29%, and 50.12%,
respectively, and the PV Pg values of micropores, non-micropores,
and total pores are 10.88%, 59.14%, and 70.02%, respectively. The
effective pore structure model indicates that the most of the
effective PV and SSA of the Z201 shales are contributed by non-
micropores and micropores, respectively. In addition, both the
effective SSA and PV of micropores and non-micropores are greater
for the Syc than for the Si (Fig. 11).

Because the water-occupied percentage of the SSA is greater
than that of the PV, pore water has a more significantly impact on
the SSA than on the PV. This is may be attributed to the majority of
the water in shale pores existing in an adsorbed state on the pore
surfaces (Li et al., 2021a). In addition, the percentages of water-
occupied SSA and PV are greater for non-micropores than for mi-
cropores. This phenomenon may be because the non-micropores
mainly consist of hydrophilic IM pores, while the micropores
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mainly consist of hydrophobic OM pores (Li et al., 2021b). In gen-
eral, the pore water of deep and ultra-deep Z201 shales is primarily
adsorbed in clay-hosted pores with pore widths <10 nm, and the
OM micropores contain small amounts of pore water.

4.6. The controlling factors on the GIP content

Because the Si; and the Syg of well Z201 underwent similar
diagenetic, thermal, and tectonic evolution processes, the differ-
ences in the GIP content between the S;; and the Sy are probably
attributed to their OM and IM compositions, pore development and
water-bearing characteristics. Based on these characteristics, the
main factors controlling the high GIP content in the deep and ultra-
deep Z201 shales were analyzed in this study.

Compared to the Si; and the Lower Cambrian shales in other
areas, the Syc has significantly larger pore spaces. The porosity of
the Syc is comparable to that of the Lower Silurian shales with high
GIP contents in the Sichuan Basin. The main reasons for the ad-
vantageous pore development of the Sy were explained in this
study. The OM and IM compositions of shales largely affect their
pore development and water-bearing characteristics. The Sy has a
high TOC content and brittleness index, which promotes the
development and protection of shale pores and reduces the Sy of
shales. Overall, the Syc have a greater pore structures than the Sic.
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Fig. 11. Effective pore specific surface area (SSA) and pore volume (PV) model of the shales with low gas-in-place contents (Sic) and high gas-in-place contents (Syg) of the well

Z201.

For example, the porosity and SSA of the former shales are 69.07%
and 41.94% greater than those of the latter shales, respectively.
Additionally, the Sy of the Syg is smaller than that of the Sig, and
the presence of pore water further increased the difference in the
effective pore space between the Sy and the Si¢. Actually, the
effective porosity of the Sy is approximately 1.7 times greater than
that of the Sig.

The Lower Cambrian shales in the intracratonic sag were
deposited continuously with the underlying Maidiping Formation,
and no large-scale folds or faults developed, indicating strong self-
sealing properties and effectively reducing the transport and
diffusion of shale gas, resulting in the overpressure of the Lower
Cambrian shales (Lei et al., 2021; Wang et al., 2021). However,
outside the intracratonic sag, the incomplete development of the
Lower Cambrian shales and underlying strata led to poor strati-
graphic sealing. The weathering crust of the Dengying Formation is
a pathway for gas escape, which is unfavorable for the enrichment
of the Lower Cambrian shale gas (Liu et al., 2015).

4.7. Favorable exploration areas for deep and ultra-deep Lower
Cambrian shale gas

In this study, we propose that great effective pore spaces are the
main reason for the high GIP of the deep and ultra-deep Lower
Cambrian shales. The great effective pore space of the deep and
ultra-deep Lower Cambrian shales requires three basic conditions.
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First, organic-rich shales developed in deep-water shelf facies and
have high TOC contents and sapropelic kerogen types, which
benefited the development of OM pores. Second, the shale strata
have low Cpw and Sw. During the hydrocarbon generation and
expulsion processes, most of the water in shale pores is drained by
the displacement drainage of liquid hydrocarbons and evaporation
drainage of gaseous hydrocarbons (Liu et al., 2015). Third, the pore
structures of the shales were well preserved during late tectonic
evolution. The overpressure of the shale strata is beneficial for the
preservation of shale pores. The pressure coefficient is generally
greater than 2.0 in the Z201 shales. Therefore, the Lower Cambrian
shales with great effective pore spaces are the most favorable
exploration targets for the deep and ultra-deep Lower Cambrian
shale gas in the Sichuan Basin.

The breakthrough of the Lower Cambrian shale gas in well Z201
provided important guidance for the subsequent exploration of the
deep and ultra-deep shale gas. The deep and ultra-deep Lower
Cambrian shales in the Mianyang-Changning intracratonic sag
mainly developed in deep-water shelf facies; because these shales
with type I and type Ila original kerogen generally have high TOC
contents, they have favorable conditions for the development of
OM pores. In addition, the low Cpw and Sw of the Lower Cambrian
shales vary in different structural regions. For example, in the
Weiyuan anticlinal structure area, the Sw of the shale decreases
gradually from the anticlinal core region to the two anticlinal wing
regions. Therefore, the Lower Cambrian shales located in low
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structural regions have low water-bearing extents, which is
conducive to the increase of effective pore spaces. Moreover, the
sedimentary thickness may affect the development of pores in
shales because thick shales generally exhibit a low efficiency of
hydrocarbon expulsion, and the cracking of retained hydrocarbons
at high maturity easily leads to the formation of high pressure in
shale strata, which benefits the preservation of shale pores.

The organic-rich Lower Cambrian shales that developed in the
deep-water shelf facies within the Mianyang-Changning intra-
cratonic sag, especially in the Ziyang area around well Z201, have a
high sedimentary thickness and benefit pore development and
preservation, and they are potential targets for the deep and ultra-
deep shale gas exploration.

Based on the above considerations, the Lower Cambrian shales
in the Ziyang area, located in the center of the Mianyang-Changning
intracratonic sag, have a similar depositional environment to that of
the Z201 shales and a thickness of more than 300 m, which in-
dicates a great shale gas potential. The Lower Cambrian shales in
the Ziyang block cover more than 4800 km?. According to the
average GIP content (7.2 m>/t) of the Z201 shales, the estimated
shale gas resources in the Ziyang block exceed 14 x 10'? m?

(Fig. 1(a)).
5. Conclusions

Based on the shale samples from the first Lower Cambrian high-
yield gas well 2201, we studied the water-bearing, pore develop-
ment, and geochemical characteristics of the deep and ultra-deep
Lower Cambrian shales, and investigated the differences and pri-
mary reasons for high GIP content.

Compared to the S; g, the Syg has high TOC content and porosity,
and low water-bearing extent. The average TOC content and
maturity of the Syc is 4.26% and 3.70% respectively. The porosity of
the Syg is 4.08%—6.16% and dominated by OM pores. The Cpw and
Sw of the Sy is 6.25—11.19 mg/g and 17.41%—29.85%, respectively,
and the pore water is primarily stored in clay-hosted pores with
pore widths <10 nm.

The effective porosity of the Syg is 4.16%, is 1.7 times greater
than that of the Sig, which is the main factors controlling the GIP
contents of the deep and ultra-deep Lower Cambrian shales. The
Lower Cambrian shales in the Ziyang area, have a high TOC content
and effective porosity, is benefits for the preservation of shale gas,
and they are the most promising targets for the exploration of the
Lower Cambrian shale gas.
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Nomenclature

TOC  Total organic matter

GIP Gas-in-place

oM Organic matter

IM Inorganic matter

PSDs  Pore structure distributions

Q1 The Qiongzhusi 1 member

Q2 The Qiongzhusi 2 member

XRD  X-ray diffractometer

rmcRo  Raman maturity

Dh D peak

Gh G peak

[ Porosity

poulk  Apparent density

Pskeletal Skeleton density

LPCA Low-pressure CO, adsorption

LPNA Low-pressure N, adsorption

P/Py  Relative pressure

SSA  Specific surface area

PV Pore volume

BJH Barrett—Joyner—Halenda

BET  Brunauer—Emmett—Teller

DFT  Density functional theory

Cpw Pore water content

Sw Water saturation

Shec The shales with high GIP content

Sic The shales with low GIP content

Pg The proportion of the effective pore structure in the total pore structure
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