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Abstract: The nano-scale pore systems in shale reservoirs control shale gas transportation and
aggregation, which is of great significance for the resource evaluation of shale oil and gas and
the selection of a “sweet spot”. Taking twelve marine shale samples from the Wufeng-Longmaxi
Formation in the Zigong area, southwest Sichuan Basin, as the research target, we carried out a
series of experiments, including total organic carbon (TOC) analysis, X-ray diffraction (XRD), gas
adsorption (CO, + Nj), and mercury intrusion porosimetry (MIP), to study the full-scale pore
structure characterization and controlling factors of pore volume and specific surface area. The
results presented the following findings. (1) Marine shale samples from the target area are rich in
organic matter, with an average TOC value of 3.86%; additionally, the mineral composition was
dominated by quartz and clay minerals, with average contents of 44.1% and 31.4%, respectively.
(2) The full-scale pore size distribution curves of pore volume developed multimodally, with the
main peaks at 0.5 nm-2 nm, 3 nm—6 nm, and 700 nm-2.2 um; moreover, the full-scale pore size
distribution curves of a specific surface area developed unimodally, with the main peak ranging from
0.5 nm to 1.2 nm. (3) Pore volume was mainly contributed by mesopores and macropores, with an
average contribution of 46.66% and 42.42%, respectively, while the contribution of micropores was
only 10.91%. The specific surface area was mainly contributed by micropores and mesopores, with
an average contribution of 64.63% and 29.22%, respectively, whereas the contribution of micropores
was only 6.15%. (4) The TOC content mainly controlled the pore volume and specific surface area of
micropores and mesopores, while the clay and feldspar content generally controlled the pore volume
and specific surface area of macropores. Additionally, the quartz content had an inhibitory effect on
the development of all pore types. These results will help researchers understand the laws of gas
accumulation and migration.

Keywords: full-scale pore structure; marine shale; low-temperature gas adsorption; mercury
intrusion porosimetry; Wufeng-Longmaxi formation

1. Introduction

The U.S. shale gas revolution has accelerated the global wave of shale gas exploration
and development [1-3]. Shale reservoirs have undergone complex structural and sedimen-
tary evolution, developing large numbers of nano-scale pores. The nano-scale pore systems
in shale reservoirs control shale gas transportation and aggregation. Thus, nano-scale pore
structure characterization is of great significance for shale gas resource evaluation and
development [4-6].
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The pore structure of shale reservoirs refers to the type, size, morphology, pore size
distribution (PSD), pore volume (PV), specific surface area (S5SA), and connectivity of the
pores [7-12]. The characterization techniques used for shale pore structures are mainly
divided into three categories: image methods, fluid injection methods, and X-ray methods.
The image method mainly involves various types of scanning electron microscopy (such
as FE-SEM, BIB-SEM, and FIB-SEM) and nano-micro CT, with the advantages of high
resolution and the direct observation of pore morphology [13-18]. The fluid injection
method includes low-temperature gas adsorption (mainly CO, and Ny), pressure-controlled
porosimetry, and constant-rate-controlled porosimetry. The advantage of this method
is its ability to characterize the pore structures of interconnected pores [13,19,20]. The
X-ray method mainly includes small angle neutron scattering (SANS) and ultra-small
angle neutron scattering (USANS), low field nuclear magnetic resonance (LF-NMR), and
two-dimensional nuclear magnetic resonance (2D-NMR) [9,21-28].

It is difficult to accurately characterize the micro heterogeneity characteristics of
shale reservoirs using a single technology. Therefore, it is necessary to combine multiple
technologies to achieve the precise description and comprehensive characterization of nano
pore structures [10,29,30].

This article focuses on marine organic-rich shale samples from the Upper Ordovi-
cian Wufeng Formation (WF-F) and Lower Silurian Longmaxi Formation (LMX-F) in the
southern Zigong area of the Sichuan Basin. A systematic analysis of twelve samples was
conducted, including XRD, TOC, low-temperature gas adsorption (CO; + N3), and mercury
intrusion porosimetry (MIP) experiments. Multiple experimental methods were combined
to achieve full-scale pore size characterization of the pore structure. These analyses clarified
the contributions of different types of pores to PV and SSA, enabling us to discuss the
coupling relationship between organic matter (OM), mineral content, and PV/SSA, thereby
deepening our understanding of shale gas enrichment mechanisms and providing scientific
guidance for promoting the efficient development of shale gas.

2. Geological Setting

Located in the upper Yangtze platform, the Sichuan Basin is a gas-rich basin in south-
west China with an area of about 26 x 10* km? (Figure 1) [6,31]. In the process of tectonic
evolution and formation in the Sichuan Basin, the area has undergone several tectonic
stages, including the Hercynian, Caledonian, Himalayan, Yanshanian, and Indosinian
movements. Two global marine transgressions occurred during the period in which the de-
position of marine shales occurred in the northeast, east, and southeast Sichuan Basin areas
under a relatively low-energy setting and anoxic environment. Under the action of global
transverse and tectonic movements, during the Late Ordovician to Early Silurian periods,
thick layers of organic-rich marine shale were deposited in the Wufeng and Longmaxi
Formations in Sichuan Basin, with a thickness up to 500 m. This type of OM is generally
type I or II;, and the thermal evolution of kerogen is in a mature stage [32-34].

As shown in Figure 1, the Zigong block is structurally located in southwest Sichuan,
adjacent to the Weiyuan gas field in the north and the Changning gas field in the south.
Organic-rich marine shales in the Wufeng and Longmaxi Formation constitute the main
shale gas reservoirs with a thickness of 80-150 m in the study area. The Wufeng Formation,
deposited in a deep-water environment, consists mainly of black, fine, and thick carbona-
ceous shale, carbonaceous mudstone, argillaceous siltstone, and siliceous shale [35]. The
Longmaxi Formation can be subdivided into three members based on lithologies from
bottom to top. The lower member is a set of dark grey to black carbonaceous shales with
abundant graptolite fossils deposited in a deep-water environment. The middle and upper
members were deposited in sloped and shallow-water shelf settings, respectively. The
middle member comprises dark and grey argillaceous siltstones, while the upper member
is dominated by dark-grey mudstone and grey shales.
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Figure 1. Location of the study area in the Sichuan Basin, China.

3. Samples and Methods
3.1. Samples

As depicted in Figure 1, the sample well, named D301, was strategically positioned
in the Zigong area, southwest Sichuan Basin. This pivotal evaluation well, drilled in 2022,
yielded twelve marine shale core samples, with three from the Wufeng Formation and
nine from Longmaxi Formation, at sampling depths of 3925.59-3976.76 m (Figure 2). The
samples from the Wufeng Formation were generally grey and grey-black shales, while
samples from the Wufeng Formation were mainly black and grey-black shales.

A series of experiments was conducted, including Rock-Eval pyrolysis, total organic
carbon (TOC) analysis, X-ray diffraction (XRD), low-temperature CO, adsorption anal-
ysis (LTCA), low-temperature N, adsorption analysis (LTNA), and mercury intrusion
porosimetry (MIP).
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Figure 2. Sampling depth, stratigraphy, lithology, and variations in GR, RLLD, and TOC contents in
Well Z301; ages were obtained from [36]; WEF-F refers to the Wufeng Formation; U-LM-F refers to the
Upper Longmaxi Formation; M-LM-F refers to the Middle Longmaxi Formation; L-LM-F refers to the
Lower Longmaxi Formation. (GR: natural gamma ray; RLLD: deep lateral resistivity).

3.2. TOC

All twelve shale samples were cleaned and then powdered to 80-mesh particles using
an agate mortar and pestle before TOC analysis. According to the China national standard
GB/T 19145-2003 [37], a CS-230 carbon—-sulfur analyzer was used to measure the TOC
content. TOC content analyses were carried out in the Key Laboratory of Continental Shale
Hydrocarbon Accumulation and Efficient Development, Northeast Petroleum University.
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3.3. XRD

A D8 DISCOVER X-ray diffractometer was used to calculate the mineralogical compo-
sitions using Cu K« radiation (A = 0.15418 nm) under a working voltage of 30 kV-45 kV
and an operating current of 20 mA-100 mA. The slit was 1 mm, and the scanning speed
was 4/min, following the Petro-China Standard SY/T 5163-2018 [37]. This experiment was
performed at the Core Laboratory of iRock Technologies, Suzhou, Jiangsu, China.

3.4. LTCA and LTNA

LTCA and LTNA experiments were performed using an ASAP 2460 surface area
analyzer, following the China National Standard GB.T 19587-2004 [38]. All shale samples
were powdered to 60-80 mesh prior to the experiment. Then, the samples were degassed in
a vacuum oven heated to 110 °C for about 16 h to remove adsorbed matter and gas. Nitrogen
adsorption/desorption isotherms were obtained under a temperature of 77.3 K (—196 °C).
During this process, the relative pressures (P/Pp) ranged from 0.01 to 1. CO, adsorption
isotherm measurements were conducted at 273 K within a relative pressure range of
0.0004-0.029. The density functional theory (DFT) method was applied to characterize the
PV, SSA, and PSD of the micropores.

3.5. MIP

Mercury intrusion porosimetry (MIP) experiments were performed using an AutoPore
IV 9505 following the China National Standard GB/T21650.1-2008 [38]. The cumulative
intruded mercury volumes were recorded under certain pressures with stepwise increases
in pressure to approximately 200 MPa. The pressure was converted into an equivalent pore
radius using the Washburn Equation. In this way, incremental intruded mercury volumes
under different pressures, i.e., the pore volumes connected by pore throats of different sizes,
were obtained.

4. Results
4.1. TOC

As shown in Table 1, twelve marine shale samples from the Zigong area were rich in
OM, with the TOC content ranging from 1.72% to 6.75% (averaging 3.86%). Additionally,
more than 90% of the samples had a TOC content greater than 2%. Marine shale sam-
ples in LMX-F were richer in TOC than those in WEF-F; the average TOC content of the
two formations was 4.35% and 3.70%, respectively.

Table 1. TOC and mineral composition of Wufeng-Longmaxi shale.

Sample  Depth . TOC Mineral Composition (%) Clay Composition (%) . .
Formation o Lithofacies
ID (m) (%) Q F Cal Dol Py Clay 1S I C

Z-9-1 3976.76 w 3.31 41.3 3.8 0.8 104 2.1 41.6 62 25 13 M-2
Z-11-2 3975.12 A% 4.86 58.2 4.0 11.1 2.0 1.5 23.2 53 34 13 S-2
Z-12-B 3973.74 w 4.88 59.3 4.8 10.8 2.2 2.7 20.2 75 16 9 S-2
Z-13-3 3970.24 L 4.78 37.5 3.9 11.3 256 3.8 17.9 56 44 0 M-1
Z-15-4 3968.61 L 5.38 66.7 34 3.8 11.2 4.5 10.4 59 41 0 S-2
Z-18-5 3966.38 L 6.75 37.0 54 0.5 8.1 7.5 41.5 78 12 10 S-3
Z-19-6 3964.95 L 4.09 549 24 3.6 9.0 5.9 24.2 73 20 7 S-2
Z-22-7 396291 L 2.08 39.3 7.5 4.3 10.5 2.5 359 61 28 11 M-2
Z-25-8 3960.29 L 2.03 34.2 6.5 2.1 22.8 1.2 33.2 69 21 10 M
Z-37-9 3958.54 L 2.99 33.8 4.7 5.7 10.0 4.6 41.2 78 15 7 M-2
Z-45-10 3943.4 L 3.49 29.2 7.0 6.6 15.6 1.2 404 72 21 7 M-2
Z-70-B 3925.59 L 1.72 37.6 8.0 3.0 3.2 1.7 46.5 61 19 20 M-2

W—Wufeng; L—Longmaxi; Q—quartz; F—feldspar; Cal—calcite; Dol—dolomite; Py—pyrite; I—illite;
S—smectite; C—chlorite.
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4.2. Mineral Composition

The XRD quantitative results of marine shale samples are presented in Table 1, which
shows that the mineral composition of the twelve Wufeng-Longmaxi shale samples from
the Zigong area mainly contained quartz (29.2% to 66.7%, averaging 44.1%) and clay
minerals (10.4 to 46.5%, averaging 31.4%), followed by dolomite (2.0% to 25.6%, averaging
10.9%), calcite (0.5% to 11.3%, averaging 5.3%), feldspar (2.4% to 8.0%, averaging 5.1%), and
pyrite (1.2% to 7.5%, averaging 3.3%). Comparative analysis shows that shale samples from
the WE-F were more abundant in quartz and calcite, while clay minerals were relatively
deficient. A mixed layer of illite—smectite (averaging 66.4%) was the main component of
the clay minerals, followed by illite (averaging 24.7%) and chlorite (averaging 8.9%).

4.3. Micropore Characterization with LTCA

Low-temperature CO, adsorption experiments (LTCAs) are commonly used to char-
acterize micropore (<2 nm) structures [19,39]. As shown in Figure 3, CO, adsorption
isotherms of the twelve marine shale samples from the Wufeng-Longmaxi Formation in
the Zigong area are similar to those of the type I adsorption isotherm [40]. The maxi-
mum adsorption volumes ranged from 1.28 cm3/g to 2.80 cm3/g (averaging 2.24 cm®/g),
which indicates a clear increase as TOC increases. For example, sample Z-70-B had the
lowest adsorption volume and TOC content (1.28 cm®/g, 1.75%, respectively), while sample
Z-18-5 had the highest adsorption volume and TOC content (2.80 cm3/g, 6.79%, respec-
tively). The pore volume of the micropores (Micro PV) ranged from 0.0016 to 0.0035 cm?/g
(averaging 0.0028 cm®/g), and the specific surface area of the micropores (Micro SSA)
ranged from 5.17 to 11.85 mZ/g (averaging 9.20 mZ/g).

3
0
he]
O
g
3
<
Q
S1r
S —7-9-1 7Z-11-2 Z-12-B
Z-13-3 7-15-4 —7-18-5
/ —7-19-6 —Z7-22-7 —7-25-8
o | —7-37-9 —7-45-10 —Z-70-B

0 0.01 0.02 0.03 0.04
Relative pressure (P/P,)

Figure 3. CO, adsorption isotherms of the Wufeng-Longmaxi shales in the Zigong area.

The PSD curves in this study were obtained via the DFT model. As shown in
Figure 4A,B, both the PV and SSA of micropores were contributed by pores smaller than
0.9 nm (mainly 0.4 to 0.7 nm).
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Figure 4. PSD curves derived from the low-temperature CO, adsorption experiment: (A) for PV;
(B) for SSA.

4.4. Mesopore Characterization with LTNA

Low-temperature N, adsorption experiments (LTNAs) are commonly used to charac-
terize mesopore (2 nm-50 nm) structures [13]. As shown in Figure 5, the low-temperature
N, adsorption and desorption isotherms exhibit an inverse “S” shape, which is consistent
with a typical International Union of Pure and Applied Chemistry (IUPAC) type IV(a)
isotherm [41,42]. The adsorption and desorption isotherms separate at P/Py = 0.45, forming
a significant hysteresis loop due to capillary condensation in mesopore structures. Accord-
ing to IUPAC’s classification, the hysteresis loops of the twelve Wufeng-Longmaxi shale
samples present the superposition characteristics of H2(a) and H3, indicating the presence
of inkbottle-shaped pores with narrow necks and slit-shaped pores [42].

25
—79-1  —7-11-2
- 7-12-B —Z-13-3
20 b Z-15-4 —7-18-5
_ - 7-19-6 —7-22-7
20 —Z7-25-8 —Z-37-9
€ 15 |—z45-10 —Z7-70-B
H
El
Z 10
(5]
Na)
S
Z s
0
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure(P/Py)

Figure 5. N, adsorption isotherms of Wufeng-Longmaxi shales in the Zigong area.

The Barrett—Joyner-Halend (BJH) model was selected to calculate PV, and the Brunauer—
Emmett-Teller (BET) model was selected to calculate the SSA and average pore size (APD).
The BJH PV ranged from 0.0177 cm®/g to 0.0316 cm? /g (averaging 0.0262 cm3/g), BET SSA
ranged from 16.59 m?/g to 37.40 m? /g (averaging 30.09 m?/g), and BET APD ranged from
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0.02

0.01

3.25 nm to 4.59 nm (averaging 3.77 nm). Here, the average BJH PV of the Zigong shale
samples is less than that of the Jiaoshiba shale samples (the BJH PV averaged 0.0301 cm?/g),
while the average SSA of the shale samples in the study area is higher (the BET SSA av-
eraged 18.97 cm3/g) [43], possibly because the depths of the Jiaoshiba shales are much
shallower than those in the Zigong area. Moreover, the effect of compaction is weak,
better preserving the pores. Both the average BJH PV and average BET SSA of the Zigong
shale samples in the study area are much higher than those of the Chang?7 lacustrine shale
(the BJH PV and BET SSA averaged 0.0079 cm3/g and 1.766 m? /g, respectively) from the
southeastern Ordos Basin [44]. This phenomenon is mainly due to the higher maturity of
the Zigong marine shale samples, which developed a large number of organic pores. The
pore volume of the mesopore (Meso PV) ranged from 0.0077 to 0.00180 cm?/g (averaging
0.0120 cm3/g), and the specific surface area of the mesopore (Meso SSA) ranged from
2.64 to 5.63 m? /g (averaging 4.16 m?/g).

The PSD curves calculated via the BJH model are shown in Figure 6A,B. For the PSD
curves of PV, all nine Longmaxi shale samples and one Wufeng shale sample (sample
Z-9-1) show similar variations (Figure 6A), with dominant pore sizes of less than 20 nm.
In addition, two Wufeng shale samples (sample Z-11-2 and sample Z-12-B) show similar
variations, with dominant pore sizes of less than 30 nm. For the PSD curves of the SSA,
all twelve Wufeng-Longmaxi shale samples show similar variations (Figure 6B), with
dominant pore sizes of less than 10 nm.

A 14 B
—7301-9-1 —27301-9-1
—7301-11-2 —7301-11-2
7301-12-B 12 7 7301-12-B
Z301-13-3 7301-13-3
—Z7301-15-4 _ 10 r —7301-15-4
—Z301-18-5 g —7301-18-5
—Z301-19-6 28 r —7301-19-6
—Z301-22-7 E —7301-22-7
2301258 B 6| —Z7301-25-8
—7301-37-9 2 —7301.37-9
—7301-45-10 P =
7301708 L 4L —7301-45-10
—7301-70-B
2 .
. 0
100 1000 1 10 100 1000
Pore diameter (nm) Pore diameter (nm)

Figure 6. PSD curves derived from the low-temperature N, adsorption experiment: (A) for PV;
(B) for SSA.

4.5. Macropore Characterization with MIP

Mercury intrusion porosimetry experiments are commonly used to characterize macro-
pore (>50 nm) structures [45,46]. As shown in Figure 7, as the injection pressure increased,
mercury slowly entered the shale pore network system. When the injection pressure ex-
ceeded 7 MPa, the volume of mercury increased rapidly, indicating that the shale samples
mainly developed pores smaller than 100 nm. There is a significant discrepancy here
between the injection and withdrawal curves. With an average mercury removal efficiency
of 70.29%, mercury did not completely exit after the experiment, indicating the develop-
ment of inkbottle-shaped pores, which is consistent with the research results of the LTNA
experiments [47]. The pore volume of the macropores (Macro PV) ranged from 0.0076 to
0.00190 cm3/g (averaging 0.0109 cm3/g), and the specific surface area of the macropores
(Macro SSA) ranged from 0.57 to 1.42 m? /g (averaging 4.16 m?/g).
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Figure 7. Mercury injection curves for Wufeng-Longmaxi shales in the Zigong area.

The PSD curves obtained in the MIP experiment are shown in Figure 8. The PSD
curves of PV exhibit bimodal distribution (Figure 8A), with the left peak being composed
of mesopores and macropores, generally smaller than 100 nm, and the right peak being
composed of microfractures, with pore sizes ranging from 1 to 3 um. The PSD curves of
the SSA also exhibit bimodal distribution (Figure 8B). The SSA was mainly contributed by
pores smaller than 30 nm.

A 800 B
7-9-1 —Z7-11-2 7-9-1 —Z7-11-2
700 r 7133 7154
600 —Z-18-5 —Z-19-6
250 —7-22-7 —7-25-8
B —7-37-9 —Z7-45-10
g 400 T —7-12-B —Z7-70-B
%) 300
S
L 200 f
100
n 1 _ | O " " L1aaaal
100 1000 10000 1 10 100 1000
Pore diameter (m) Pore diameter  (m)

Figure 8. PSD curves derived from the MIP experiment: (A) for PV; (B) for SSA.

5. Discussion
5.1. Full-Scale Pore Structure Characteristics

Full-scale PSD can provide significant information about pore structures, such as
the range of pore sizes, dominant pore sizes, and composition of different types of pores
(micro-, meso-, and macropores) in PV and SSA [10,29,30]. To fully characterize the pore
structure, it is essential to combine multiple methods, as each pore structure characteriza-
tion experiment is applicable only for a specific pore size range. Thus, an LTCA experiment
was used to characterize the micropore structure, an LTNA experiment was used to char-
acterize the mesopore structure, and an MIP experiment was used to characterize the

macropore structure.
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Full-scale PSD curves of PV and SSA derived from the LTCA, LTNA, and MIP ex-
periments are shown in Figures 9 and 10, respectively. The full-scale PSD curves of PV
developed multimodally, with the main peaks at about 0.5 nm-2 nm, 3 nm-6 nm, and
700 nm~-2.2 um. The full-scale PSD curves of the SSA developed unimodally, with the
peaks mainly located between 0.5 nm and 1.2 nm.
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Figure 9. Full-scale PSD curves of PV derived from the LTCA, LTNA, and MIP experiments.
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Figure 10. Full-scale PSD curves of SSA derived from the LTCA, LTNA, and MIP experiments.

As shown in Table 2 and Figure 11, the composition of different types of pores (micro-,
meso-, and macropores) in the PV and SSA results for the twelve marine shale samples in
the study area was statistically analyzed. The total PV ranged from 0.0213 to 0.0328 cm®/g
(averaging 0.0257 cm®/g) and was primarily contributed by mesopores (46.66%), followed
by macropores (42.42%), while the contribution of micropores was quite small (10.91%). The
total SSA ranged from 9.23 to 16.88 m? /g (averaging 14.19 m?/g) and was dominated by
micropores (64.63%), followed by mesopores (29.22%), while the contribution of macropores
was negligible (6.15%).
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Table 2. Micro, meso, and macro PV and SSA obtained via LTCA, LTNA, and MIP experiments.

CO; Adsorption N, Adsorption MIP
Total PV Total SSA
SampleID  Micro PV Micro SSA Meso PV Meso SSA Macro PV Macro SSA emd/g m?/g
cm/g m?/g cmd/g m?/g cm3/g m?/g
Z-9-1 0.0024 8.16 0.0118 4.29 0.0088 0.66 0.0230 13.11
Z-11-2 0.003 9.9 0.018 5.63 0.0119 0.89 0.0328 16.42
Z-12-B 0.0031 10.17 0.0135 4.97 0.0079 0.59 0.0245 15.72
Z-13-3 0.0031 10.3 0.015 4.57 0.0114 0.86 0.0296 15.73
Z-15-4 0.003 9.86 0.011 4.16 0.0076 0.57 0.0216 14.58
Z-18-5 0.0035 11.85 0.0114 4.08 0.0127 0.95 0.0276 16.88
Z-19-6 0.003 10.13 0.0123 4.09 0.0103 0.78 0.0257 14.99
7-22-7 0.003 9.8 0.0118 4.98 0.0106 0.8 0.0254 15.57
Z-25-8 0.0022 7.37 0.0077 2.65 0.0125 0.94 0.0223 10.96
Z-37-9 0.0025 8.43 0.01 3.47 0.0089 0.67 0.0213 12.56
Z-45-10 0.0028 9.33 0.0128 4.47 0.0098 0.74 0.0254 14.53
Z-70-B 0.0016 5.17 0.0089 2.64 0.019 1.42 0.0294 9.23
Micro PV—PV of micropores; Micro SSA—SSA of micropores; Meso PV—PV of mesopores; Meso SSA—SSA of
mesopores; Macro PV—PV of macropores; Macro SSA—SSA of macropores.
A B
7-9-1 (A) 7-9-1 i ®)
Z-11-2 Z-11-2 |
Z-12-B Z-12-B |
Z-13-3 Z-13-3 |
Z-15-4 Z-15-4 |
o Z-18-5 Z-18-5 |
g Z-19-6 Z-19-6 |
A 7227 7227 |
7-25-8 7-25-8 |
Z-37-9 Z-37-9 |
Z-45-10 Z-45-10 |
Z-70-B Z-70-B |
0 20 40 60 80 100 0 20 40 60 80 100

B Micropore

Contribution rate (%)

B Mesopore

O Macropore

Figure 11. The contribution of micro, meso, and macropores to PV (A) and SSA (B).

5.2. Factors Affecting Pore Volume and Specific Surface Area

52.1. TOC

Marine shale organic matter (OM) is highly mature, along with highly developed
OM pores, which are the main storage spaces for marine shale gas [48]. The TOC content
has an important impact on shale pore and pore size distribution. Figure 12 shows the
correlations between micro, meso, and macro PV, SSA, and TOC content. Here, there
is a positive correlation between micro PV (R? = 0.65), micro SSA (R? = 0.66), and TOC
content (Figure 12A,B), indicating that micropores represent a large proportion of pores
in organic matter. The intensive thermal maturation and hydrocarbon expulsion of OM
usually results in the development of abundant OM pores, which are mainly micropores
and mesopores [29].
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Figure 12. Correlations between micro, meso, and macro PV, SSA, and TOC content: PV (A); SSA (B).

Overall, meso PV (R? = 0.26) and meso SSA (R? = 0.26) increased with an increase in the
TOC content, but the positive correlation was quite weak, indicating that mesopores only
account for a small proportion of pores in organic matter. There is no obvious correlation
between macro PV, macro SSA, and TOC content, indicating that the TOC content has little
impact on the development of macropores.

5.2.2. Mineral Composition

Clay content has a significant impact on the development of shale pores. Wang (2019)
studied the full-scale pore structure and its controlling factors in Wufeng-Longmaxi shale
from the Weiyuan and Changning area. The results indicated that for shale samples with
similar TOCs and quartz content, clay-rich samples commonly have a higher porosity than
that of clay-poor ones [29].

To eliminate interference from organic matter when studying the relationship be-
tween mineral content and PV and SSA, TOC-normalized PV and SSA were calculated.
Figure 13A shows that positive relationships were found between meso TOC-normalized
PV (R? = 0.67), macro TOC-normalized PV (R? = 0.68), and clay content. This result in-
dicates that the clay-related pores are mainly composed of mesopores and macropores.
Figure 13B shows positive relationships between the TOC-normalized SSAs of all pore
types (especially macropores, R? = 0.68) and clay content, indicating that macropores are
the main contributors to the SSA values of the marine shale samples in the study area.

Figure 13C,D show that the TOC-normalized full-scale PV and SSA decreased with
an increase in the quartz content, indicating that the quartz content has an inhibitory
effect on the development of pores of all types. This result can be explained by the
secondary cementation of biogenic silica [49-51]. However, relationships between TOC-
normalized full-scale and feldspar PV and SSA were positive (Figure 13E,F). PV and SSA
gradually increased with an increase in feldspar content due to the formation of many
dissolution pores under acidic environments [52], indicating that feldspar dissolution pores
are important components of shale pores, particularly for macropores (R? = 0.63).
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Figure 13. Correlations between TOC-normalized micro, meso, and macro PV, SSA, and mineral
content: clay (A,B), quartz (C,D), and feldspar (E,F).

6. Conclusions

(1) The marine shale samples of the Wufeng-Longmaxi Formation in the Zigong area,
southwest Sichuan Basin, are rich in organic matter, with an average TOC of 3.86%. The
mineral composition is dominated by quartz and clay minerals, with average contents of
44.1% and 31.4%, respectively.

(2) Combining LTCA, LTNA, and MICP measurements, the full-scale pore structure of
the Wufeng-Longmaxi shale was quantified piecewise. The full-scale PSD curves of PV
developed multimodally, with the main peaks occurring at about 0.5 nm-2 nm, 3 nm-6 nm,
and 700 nm-2.2 um. The full-scale PSD curves of SSA developed unimodally, with the
peaks mainly located between 0.5 nm and 1.2 nm.

(3) Total pore volume (PV) was mainly contributed by mesopores and macropores,
with an average contribution of 46.66% and 42.42%, respectively. The contribution of
micropores was only 10.91%. The total specific surface area (SSA) was mainly contributed by
micropores and mesopores, with an average contribution of 64.63% and 29.22%, respectively.
The contribution of micropores was only 6.15%.
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(4) The TOC content mainly controls the total PV and total SSA of micropores and
mesopores, while the clay content mainly controls the PV and SSA of macropores, indicating
that the sizes of the pores in organic matter are generally very small, and increasing organic
matter and clay minerals would increase the total PV and SSA. These will help deepen our
understanding of shale and gas reservoirs.
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