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The Jurassic Dongyuemiao Member is the most promising target for lacustrine
shale gas exploration in Sichuan Basin. By integrating SEM, NMR, LTNA, and
MICP experiments, and other basic measurements, the nanoscale pore
category and structure and the corresponding controlling factors of
Dongyuemiao lacustrine shale in Eastern Sichuan Basin are studied. The
results denote that organic pores comprise primary pores within plant debris
and secondary pores within bitumen. Inorganic pores are composed of
intraparticle pores within calcite particles, intercrystalline pores between
pyrite crystals, and interparticle pores between different minerals. The 4th
Section lacustrine shale of Dongyuemiao Member has the best pore
structure, exhibiting high organic pore proportion, large amounts of gas
adsorption, and parallel plate-shaped pore morphology. Micropores (<2 nm)
are the main contributors of the pore volume and surface area of Dongyuemiao
lacustrine shale. Moreover, the enrichment of organic matter positively affects
the formation of micropores and has no influence on the
mesopore—macropore (>2 nm). Quartz does not significantly affect the
nanoscale pore formation. The intraparticle pores within calcite particles
constitute part of mesopore—macropore but not micropores. Clay minerals
are conducive to the formation of micropores but play a negative role in the
formation of mesopore—macropore.
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1 Introduction

Organic-rich shale can be deposited in following sedimentary
environments: deep shelf, semi-deep to deep lacustrine, estuary bay,
and lagoon environment (Zou et al., 2019; Gu et al,, 2022a; Gu et al.,
2022b; Qiu and He, 2022). In the world, North America has
achieved the greatest success in marine shale exploration,
followed by China (Zhang et al, 2020a; Zhang et al, 2020b).
Several trillion cubic meters-scale shale gas fields, such as
Weiyuan, Changning, and Jiaoshiba, have been successively built
around the Sichuan Basin to date (Fan et al., 2020; Zhang et al.,
2022a; Zhang et al., 2022b; Zhang et al,, 2022¢; Fan et al,, 2022).
However, the successful cases of shale gas exploration and
development in China are limited to the Silurian marine shale in
the Sichuan Basin and its surrounding areas (Zhang et al., 2019; Li,
2022; Li et al,, 2022). With the advancement of exploration and
development, alternative shale gas exploration targets need to be
found (Shu et al,, 2021; Sun et al.,, 2022; Wang et al., 2022). To date,
studies on the exploration potential of lacustrine shale gas have been
conducted in the Jurassic Da’anzhai Member of Sichuan Basin,
Triassic Yanchang Formation in Ordos Basin, Shahejie Formation of
Bohai Bay Basin, Cretaceous Shahai and Jiufotang Formation in
Fuxin Basin, and the Cretaceous Qingshankou Formation of
Songliao Basin (Chen et al,, 2018). Results have shown that the
organic matter maturity of lacustrine shale is generally low, and the
R, value is mainly in the range of 0.6%-1.1% (Wang et al., 2015;
Yang and Zou, 2019), which is mostly in the oil generation stage.
Inorganic pores are well-developed, but organic pores are not
developed due to low maturity and oil-prone kerogens (Xu et al.,
2017; Chen et al, 2018; Han et al, 2021). The organic matter
maturity of the Jurassic Dongyuemiao Member lacustrine shale in
Sichuan Basin is relatively high. In terms of organic matter maturity,
the lacustrine shale in Dongyuemiao Member has been in a stage of
high maturity evolution, which is conducive to the development of
organic pores (Shu et al, 2021; Liu et al,, 2021). In 2018, lacustrine
shale gas reservoirs of the Dongyuemiao Member were discovered
through Well FY10HF in Eastern Sichuan Basin. However, few
studies have been conducted on pore development in Dongyuemiao
Member, and thus, its development is poorly understood. Liu et al.
(2021) proposed that in the Dongyuemiao lacustrine shale of
Northern Sichuan, only inorganic pores are developed and
organic pores are not basically developed. However, Shu et al.
(2021) proposed contrasting views, proposing that the pore types
of shale in the Dongyuemiao shale are diverse and that inorganic
pores, organic pores, and fractures are all developed.

The nanoscale pore structure has been identified as one of the
most important mechanisms to affect hydrocarbon recovery
from unconventional shale reservoirs (Chen et al., 2018; Han
et al,, 2021; Wang et al,, 2022). Understanding nanoscale pore
structure and its controlling factors is beneficial for shale
reservoir evaluation. A large number of pore structure studies
have been carried out on marine shale and found that nanoscale
pore structure is strongly affected by mineral composition and
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organic matter abundance (Li et al,, 2016; Jia et al., 2020).
However, due to the huge difference in sediment composition,
mineral composition and organic matter abundance between
lacustrine shale and marine shale (Yangetal., 2019; Li et al., 2021;
Wei et al., 2021), the previous results of marine shale cannot be
directly applied to lacustrine shale.

Scanning electron microscopy (SEM), Mercury injection
capillary pressure (MICP), low-temperature N2 adsorption
(LTNA), and nuclear magnetic resonance (NMR) have been
widely used to illustrate pore structure parameters and their
controlling factors. The above mentioned methods are employed
in this study to 1) reveal the dominant reservoir space type of the
Dongyuemiao lacustrine shale reservoir, 2) demonstrate the pore
structure of the Dongyuemiao lacustrine shale reservoir, and 3)
the
parameters and then reveal the main factors controlling the

quantitatively ~ discuss correlation between different

pore structure.

2 Geological setting

Sichuan Basin is a typical craton basin in the western part of
the Upper Yangtze Block (Figure 1A), and the basin area is about
260,000 km®. The study area, with an area of 4.2 x 10’ km?, is
located in the Eastern Sichuan Basin (Figure 1B). In the Early-
Middle Jurassic, most areas of the Sichuan Basin were dominated
by shore-shallow lake, semi-deep lake and deep lake facies, and
they experienced four lake transgressions during this period.
Organic-rich shale is thought to develop in semi-deep lake and
deep lake facies controlled by anoxic condition (Shu et al., 2021;
Peng et al,, 2022). From the bottom to the top, four sets of
organic-rich shales are formed in the Zhenzhuchong Member,
Dongyuemiao Member, Da’anzhai Member, and Lianggaoshan
2nd Member, respectively. The Dongyuemiao Member
three Ist 2nd
Submember, and 3rd Submember. The 1st Submember can be

comprises submembers: Submember,
subdivided into four sections: 1st, 2nd, 3rd, and 4th Sections
(Figure 1C). Except for the 2nd Submember, the other intervals
mainly constitute shale. The total organic carbon content (TOC)
of shale is mainly distributed in the range of 0.5%-2.0%, and the
average value of TOC is greater than 1% (Liu et al., 2021). The
organic matter type of the shale is mainly Type II and locally
developed Type III, and the vitrinite reflectance (R,) is mostly
greater than 1.2%. Thus, it has entered the stage of high maturity
evolution and is dominated by gas generation.

3 Sample and method

A total of 120 core samples of Dongyuemiao Member
lacustrine shale were collected from studied wells for thin-
section analysis, X-ray diffraction and TOC measurement.
The experimental test site is the SINOPEC Wuxi Research

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1055541

Zhou et al. 10.3389/feart.2022.1055541
A C  strata Depth
(m)
2486
Micangshan ]
Uplift 2488
Wangcang 2490+
2492+
S
— = 2494+
N S| 8 g
© £ ? 2496+
E|l o o
sl = 2498
[T e
_8 g % 2500+
EHEARAE: 2502
\ S{25|=
0 100 {OOkm = > 3 ™ 2504+
N| c | @
31|+ 2506
— c
9
s 2508+
@
o° 2510
&
2512+
12514
25167
2518+
Zhenzhuchong 25207
Member
|[ | |*] |C\"}\ | | o | I......l
Study Well Contour Cities Siltstone
area line
l;ault Micritic Shale Muddy Shell
limestone limestone limestone

FIGURE 1

(A) Location of the study area in Eastern Sichuan Basin. (B) Distribution map showing the burial depth of Jurassic Dongyuemiao Member and
studied wells. (C) Generalized stratigraphy of Jurassic Dongyuemiao Member in the study area.

Institute of Petroleum Geology. The whole-rock and clay
mineral X-ray diffraction measurement was carried out
using a German Bruker D8 Advance X-ray diffractometer.
TOC measurement was carried out through a LECO
CS230 Series Carbon and Sulfur Analyzer. NMR analysis
was performed on 24 core-plug shale samples in both the
dry and saturated fluid states (including n-dodecane and
brine) c12-010V  low-field NMR device
manufactured at the Collaborative Innovation Center of
Shale Gas in Chengdu.
Mercury intrusion was measured using a Quantachrome

using a
Resources and Environment

Poremaster. Samples were prepared with an approximate
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size of 20 x 20 mm® and weighed out to 10-20 g, and then,
the samples were dried at 110°C for at least 24 h under vacuum
in an oven. The Mercury injection pressure ranged from 0 to
215 Mpa in this experiment. The remaining samples were
divided into three parts for maceral identification after
kerogen extraction, SEM, and LTNA. For LTNA, the
samples were crushed into 60-80 mesh, dried in an oven at
110°C for 12 h, and then placed in an Autosorb-1Q3 specific
surface and a pore size distribution analyzer (Cantor
Company, United States). The pretreatment was completed
by degassing at 110°C for 12 h in the vacuum condition, and
then nitrogen carbon adsorption was carried out. After the
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FIGURE 2

Shale lithofacies classification and vertical distribution of the Jurassic Dongyuemiao lacustrine shale in Eastern Sichuan Basin (based on

Well XY4).

experiment, the Brunauer—-Emmett-Teller (BET) model was
and the
Barrett-Joyner-Halenda (BJH) model was employed to

used to calculate the specific surface area,
obtain the pore size distribution and volume. The reservoir
space classification is based on schemes proposed by Loucks
et al. (2012). The pore size was divided into three categories
according to the pore size classification scheme (Rouquerol
et al., 1994), namely micropores (<2nm), mesopores
(2nm-50 nm), and macropores (>50 nm). Hysteresis loops
were observed at the relative pressure (P/Pg) of about 0.5 in
the adsorption-desorption curves, signifying the presence of

great differences in the pore size and pore morphology among
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shale samples that cause such adsorption behaviors at this
pressure. This relative pressure was set as the threshold to
divide the samples into two groups (Wang et al., 2022). The
first group with P/P5=0-0.5 is subjected to the monolayer-
multilayer adsorption process controlled by van der Waals
force, while the second group with P/P5=0.5-1.0 experiences
the capillary condensation adsorption process controlled by
surface tension (Sun et al., 2015; Wang et al., 2015). Herein,
the Frenkel-Halsey-Hill model
determine the fractal dimensions of these two groups of

is used to separately

samples, which are denoted as D, and D, for the first and
second groups, respectively.
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FIGURE 3

FE-SEM images of reservoir spaces in the Jurassic Dongyuemiao lacustrine shale in Eastern Sichuan Basin. (A) Primary organic pore in plant
debris, Well XY3, 2959 m; (B) Abundant organic pore in bitumen, Well FY10, 2,766.46 m; (C) Organic pore between bitumen and mineral particles,
Well FY10, 2,800.97 m; (D) Interparticle pores between mineral particles, Well TL601, 2,743.5 m; (E) Interparticle pores between mineral particles,
Well TL601, 2,755.13 m; (F) Interparticle pores between clay mineral, Well XY3, 2,953.22 m; (G) Intercrystalline pores between pyrite crystals,
Well XY3, 2,935.1 m; (H) Abundant intraparticle pores in calcite particle, Well TL601, 2,731.58 m; (I) Intraparticle pores in feldspar particle, Well TL601,
2,728.05 m; (J) Microfracture, Well TL601, 2,750.21 m; (K) Microfracture dislocating organic matter, Well TL601, 2,731.58m:; (L) Microfractures
around organic matter and mineral particles, Well TL601, 2,731.58 m.

4 Results lithofacies: argillaceous shale lithofacies (CM) with clay

mineral mass fraction >50%; mixed shale lithofacies (M) with

4.1 Lithofacies classification clay minerals, siliceous minerals and carbonate minerals <50%.

According to the classification results, the 1st and 2nd Sections

Based on previous lithofacies classification schemes (Jia et al., are composed of mixed shale lithofacies (M) and argillaceous

2020), the clay, carbonate, and silicon (quartz and feldspar) shale lithofacies (CM). In comparison, the 3rd Section

mineral contents of each shale sample were plotted onto a predominantly constitutes argillaceous shale lithofacies (CM).

ternary diagram (Figure 2). The contents of clay minerals, While the bottom-to-top lithofacies of the 4th Section is mixed

siliceous minerals (quartz + feldspar) and carbonate minerals shale lithofacies (M) and argillaceous shale lithofacies (CM)
are regarded as three end-members to divide the mineral (Figure 2).
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different shale lithofacies under different states for the Jurassic Dongyuemiao lacustrine shale in Eastern Sichuan Basin.
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The LTNA characteristics of different shale lithofacies for the Jurassic Dongyuemiao lacustrine shale in Eastern Sichuan Basin.

4.2 Reservoir space morphology and
proportion

4.2.1 Organic pores

The organic matter of Dongyuemiao lacustrine shale is in the
high maturity stage (R, = ~1.64%). A small number of primary
organic pores can be observed inside the plant debris (Figure 3A).
Numerous nanoscale organic pores can be observed inside the
bitumen (Figure 3B). As an important part of shale pore system,
organic pores within bitumen are formed in the process of shale
hydrocarbon generation and evolution, which are the traces of
shale gas generation diffusion and accumulation. Additionally,
organic pores are observed between bitumen and its surrounding
mineral particles (Figure 3C). Such organic pores are formed by
the shrinkage of organic matter itself after hydrocarbon
expulsion.

4.2.2 Interparticle and intercrystalline pores

The migration of sediments in the paleoenvironment will
yield considerable micro sedimentary structures, and incomplete
cementation between various particles will afford interparticle
pores (Han et al., 2013). The interparticle pores of Dongyuemiao
lacustrine shale mainly exist between different mineral particles
(Figure 3D), such as clay minerals (Figure 3E), quartz, pyrite, and

Frontiers in Earth Science

07

siderite. The size of interparticle pores is controlled by the size of
mineral particles and the degree of compaction (Figure 3F). The
larger the mineral particles, the larger the interparticle pores, and
the greater the buried depth, the less the interparticle pores. In
addition to interparticle pores, a large number of interparticle
pores develop between pyrite crystals (Figure 3G). However,
since the content of pyrite is generally less than 5%, the
development frequency of interparticle pores is very low.

4.2.3 Intraparticle pores

The intraparticle pores of Dongyuemiao lacustrine shale
mainly formed due to the dissolution of calcite and feldspar
particles (Figure 3H). Intraparticle pores are well developed
within each calcite and feldspar particle (Figure 3I). In terms
of the pore size, the intraparticle pores of Dongyuemiao
lacustrine shale belong to the mesopore-macropore, but the
development frequency of such pores is generally low.

4.2.4 Microfracture
The the
lacustrine shale can be classified as structural or non-

microfractures developed in Dongyuemiao
structural microfractures. Structural fractures are usually
characterized by a stable extension direction with few

branches and a large length (Figure 3]). Locally, the
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microfracture dislocates the organic matter or mineral particles
(Figure 3K). In comparison, non-structural fractures have the
characteristics of short extension around the edges of the organic
matter or the other mineral particles including the shell
(Figure 3L).

4.2.5 Proportion of different reservoir spaces
Organic pores are generally lipophilic, while inorganic pores
are mostly hydrophilic (Tinni et al, 2014; Li et al, 2016).
Accordingly, NMR experiments were conducted under water-
and oil-saturated conditions, respectively, to observe the signal
characteristics on the transverse relaxation time (T,) distribution
spectra of the two types of pores. The presence of three peaks in
the T, spectra of lipophilic pores indicates three types of organic
pores: volumetrically dominant small pores with short T, large
pores with long T,, and microfracture developed in organic
4). Based
understanding, Fu et al. (2021) proposed a method for

matter (Figure on the above theoretical
calculating the proportion of organic and inorganic pores
based on the wettability of shale pores.

The calculation results show that the NMR T, spectrum of
the 1st Section mixed argillaceous shale (M) at saturated oil
exhibits doublet characteristics, and the amplitude of the T,
spectrum at saturated oil is low. The average proportion of
organic pores is only 8%, and that of inorganic pores is about
81%. The NMR T, spectrum of 2nd Section argillaceous shale
(CM) at saturated oil is singlet, the amplitude of the T, spectrum

at saturated oil is high, and the average proportion of organic
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pores is more than 14%. The T, spectrum of the 3rd Section
argillaceous shale (CM) at saturated oil exhibits a singlet shape.
The amplitude of the T, spectrum at saturated oil is high, but that
of saturated water is much higher than that of saturated oil;
therefore, the proportion of organic pores is only about 10%. The
NMR T, spectrum of the 4th Section argillaceous shale (CM) at
saturated oil exhibits singlet characteristics, and the average
proportion of organic pores exceeds 12% (Figure 5).

4.3 Pore structure quantitative
characteristics

4.3.1 N, adsorption-desorption isotherms and
pore geometry

According to the IUPAC isothermal adsorption curve
classification (Thommes et al., 2015), the hysteresis loops of the
1st Section mixed shale (M) are similar to the H4 type (Figure 6A).
Furthermore, the adsorption curve is slow near the saturated vapor
pressure, reflecting a small amount of gas adsorption, and slit-
shaped pores are developed within this section. Hysteresis loops of
the 2nd Section argillaceous shale (CM) exhibit the morphologies
of both H3 and H4 (Figure 6B), and the gas adsorption amount is
small. However, the desorption curves of some samples are steep
near the median pressure, forming a wide hysteresis loop,
indicating the development of parallel plate-shaped pores.
Hysteresis loops of the 3rd Section argillaceous shale (CM) are
similar to the H4 type (Figure 6C), and the adsorption curve is slow
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near the saturated vapor pressure, suggesting that the gas
adsorption amount is small and that the pores are dominated
by slit-shaped pores. The hysteresis loops of the 4th Section
argillaceous shale (CM) are similar to the H3 type (Figure 6D),
and the adsorption curve is steep near the saturated vapor pressure,
suggesting a large amount of gas adsorption. The corresponding
desorption curve is relatively flat at the median pressure, forming
relatively wide hysteresis loops. This suggests that the pores are
dominated by parallel plate-shaped pores.

Frontiers in Earth Science 10

4.3.2 Surface area and pore volume

The SA of the Dongyuemiao lacustrine shale samples were
calculated according to the BET model. The SA range of the
1st Section mixed shale (M) is between 0.78 and 5.60 m2/g and
that of the 2nd Section argillaceous shale (CM) is between
1.25 and 3.83m2/g. The SA range of the 3rd Section
argillaceous shale (CM) is between 1.43 and 6.04 m2/g and
that of the 4th Section argillaceous shale (CM) is between
1.87 and 6.05 m2/g.
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The PV of the Dongyuemiao lacustrine shale samples
range from 5.73 to 14.54cm’/kg, with an average of
9.35 cm’/kg. The average PV of the 1st Section mixed shale
(M) and 3rd Section argillaceous shale (CM) was lower than
that of the 2nd Section argillaceous shale (CM) and 4th
Section argillaceous shale (CM).

4.3.3 Pore-size distribution

The PSD was characterized by integrating MICP and
LTNA experiments. The results show that although the
curve morphologies of different samples exhibit slightly
differences, the distribution ranges of the pore peaks are
similar. The PSD curves of the 2nd, 3rd, and 4th Section
argillaceous shale (CM) are characterized by four peaks:
1-2 nm, 20-50 nm, 1,000-1,200 nm, and 10,000-12000 nm
(Figure 7).

5 Discussion

In this study, the main controlling factors of pore structure
are discussed by correlating fractal dimension with reservoir and
pore structure parameters. The surface fractal dimension is
denoted as D; for relative N, pressure P/P, > 0.5 with
capillary condensation and surface fractal dimension is
denoted as D, for P/P, < 0.5 with mono- and multi-layer
adsorption (Figure 8).

For lacustrine shale samples, the fractal dimension D,
represents the development degree of micropores. D; is
generally larger than D, and is closer to 3, suggesting that
the pore structure heterogeneity of mesopore-macropore is
stronger than that of micropore. A clear positive correlation
exists between D; and PV as well as SA (Figures 9A,B),
indicating that the micropores within the Dongyuemiao
lacustrine shale are the main contributors of PV and SA.
The correlation between D; and TOC is slightly positive,
suggesting that the enrichment of organic matter positively
affects micropore formation (Figure 9C). Moreover, the
enrichment of organic matter does not influence the
mesopore-macropore development. Due to the low
content of quartz in Dongyuemiao, which is mainly
detrital quartz, it does not significantly affect the
formation of micropores and mesopore-macropore
(Figure 9D). A slight positive correlation exists between
D, and carbonate content, indicating that intraparticle
pores within calcite particles constitute part of
mesopore-macropore but not micropores (Figure 9E).
Clay minerals are conducive to micropore formation
(Figure  9F), but play a negative role in
mesopore-macropore formation due to the filling of clay

minerals in the mesopore-macropore (Figure 3).
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6 Conclusion

1) The 1st and 2nd Sections of Jurassic Dongyuemiao lacustrine
shale in Eastern Sichuan Basin are composed of mixed shale
lithofacies (M) and argillaceous shale lithofacies (CM). In
comparison, the predominant lithofacies of the 3rd Section is
argillaceous shale lithofacies (CM). Moreover, the 4th Section
constitutes mixed shale lithofacies (M) and argillaceous shale
lithofacies (CM).

2) Organic pores (primary pores within plant debris and
secondary pores within bitumen), inorganic pores
(interparticle ~ pore,  intercrystalline  pore, and
intraparticle pore), and microfractures are present in the
Jurassic Dongyuemiao lacustrine shale of Eastern Sichuan
Basin. The average proportion of organic pores is higher in
the 2nd and 4th Sections, exceeding 12%. The 4th Section,
characterized by high organic pore proportion, large
amounts of gas adsorption, and parallel plate-shaped
pore morphology, exhibits the best pore structure.

3) The micropores within the Dongyuemiao lacustrine shale are the
main contributors of PV and SA. The enrichment of organic
matter positively affects micropore formation but has no
influence on mesopore-macropore development. Additionally,
quartz does not significantly affect the formation of nanoscale
pores. Intraparticle pores within calcite particles constitute part
of mesopore-macropore but not micropores. Clay minerals are
conducive to micropore formation but play a negative role in
mesopore-macropore development.
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