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The significance of lacustrine shale oil has gradually become prominent. Lacustrine
shale has complex lithologies, and their reservoir properties are quite various. The
multi-scale pore structure of shale controls the law of shale oil enrichment. Typical
lacustrine shale developed in the Member 2 of Kongdian Formation in Cangdong sag,
Bohai Bay Basin. The lithofacies and multi-scale storage space of this lacustrine shale
have been systematically studied. 1. The mineral composition is quite different, and
the lithofacies can be summarized into siliceous, carbonate and mixed types. The
rock structure can be summarized into laminated, layered, and massive types. 2. The
pores are diverse and multi-scale. Interparticle pores contribute the main storage
space, especially the interparticle pores of quartz and dolomite. 3. The physical
properties of the massive shales is relatively inferior to those of layered and
laminatedtypes, and it presents the characteristics of " laminated >layered >
massive ". The developed laminae can significantly improve the space and
seepage capacity of lacustrine shale. 4. Clay minerals provide the main nano-
scale storage space, but they are often filled in pores and reduces the shale
brittleness, which have destruction effects.
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INTRODUCTION

There are big differences between lacustrine shale and marine shale. Compared with marine basins,
continental lake basins have a smaller area and paleo-uplifts around the lake basins, always forming a
topography with obvious height difference (Loucks et al., 2012; Lazar et al., 2015; Xu et al., 2019; Teng
et al., 2021). In the lake basin, due to the sedimentary environment and diagenetic evolution, the
shale system has strong heterogeneity and complex lithology, which always makes its reservoir
characteristics different (Katz, 2001; Xu et al., 2017; Teng et al., 2021). The terrigenous clastics
originating from the paleo-uplift experienced short-distance transport and deposition into the lake
basin. Multiple terrestrial sources, rapid sedimentary facies change, low clastic roundness, and
proximity to terrestrial sources are characteristics of lake basin sedimentation (Xu et al., 2017; Xu Q.
et al., 2020).
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The research on the reservoir characteristics of lacustrine
mixed sediments is relatively weak, and the multi-scale pore
characteristics of different lithologies have not been clarified,
which severely restricts the study of shale oil enrichment rules
and development (Feng et al., 2020; Wang et al., 2021). The
Member 2 of Kongdian Formation in Cangdong sag, Bohai Bay
Basin has shale oil development potential that cannot be ignored.
It has many types of rocks, and its lithology changes quickly in
vertical and horizontal directions. The types of reservoir spaces
are diverse, and the reservoir control law is not yet clear (Chen
et al., 2016; Zhao et al., 2017). After more than 50 years of
exploration and development, the main body of the structural
belt is highly proven, and the proven oil and gas area accounts for
more than 80% of the main body of the structural belt (Zhao et al.,
2017). How to change the thinking of exploration and
development and find replacement resources under the
guidance of new theories is an urgent problem to be solved.
With the development of unconventional oil and gas theory, the
exploration direction has begun to shift to deep shale oil, among
which the Member 2 of Kongdian Formation an important
replacement area (Zhao et al., 2017).

The shale strata in the central part of the lake basin in the study
area are well-developed. However, due to its complex rock types,
the production of shale oil wells is highly heterogeneous, and it is
necessary to study the multiscale pore characteristics of different
rock types. Previously, this research strata was thought as a source
rock strata. Through the systematic coring analysis of Well G108-
8, it is recognized that the shale strata have various rock types and
frequent interbeds, with high-quality source rocks, many
occluded hydrocarbons, and good oil content. Many wells
such as KN9, Z1605, and G1608 have successively obtained
industrial oil flow in different intervals, with the highest daily
oil production of 47.1 t (Pu et al., 2016; Zhao et al., 2017).

Lithofacies gradually play a role in the study of shale
heterogeneity, and it is gradually becoming a trend to use
lithofacies as a link to predict shale oil sweet spots (Zhao
et al., 2017; Wang et al., 2019; Yang et al., 2019). The research
of shale facies mainly focuses on marine shale. Compared with
marine shale, lacustrine shale is more complicated in terms of
mineral composition, deposition, reservoir, and distribution of
organic matter (Wang et al., 2018; Xu Q. et al., 2020). Lithofacies
is a rock or rock combination formed in a certain depositional
environment, which can reflect the depositional process and
depositional environment, and can be better applied to the
study of lacustrine shale reservoirs (Yang et al., 2015; Xu
et al., 2020b).

With the deepening of shale oil and gas development, the
research methods of reservoirs are also deepening. The research
scale of reservoirs has gradually reached the micro-nano level,
and refinement and quantification are the trends in reservoir
geology research (Loucks et al., 2012; Lazar et al., 2015; Yang
et al., 2019; Xu et al., 2020b). The difference in the size of the
reservoir space is the essential difference between unconventional
reservoirs and conventional reservoirs (Schieber, 2010; Lazar
et al., 2015). Unconventional storage space can be micro-nano
scale, which can reach more than 60% of the total storage space
(Pang et al., 2018). In addition, the micro-nano-scale shale pores

determine the oil and gas accumulation mode and seepage
mechanism. The fluid in the pores of millimeter level migrates
in a “pipe flow” mode, while the fluid in the pores of micrometer
level is in a “seepage”mode. The oil and gas in nano-scale pores is
adsorbed on the surface of minerals and kerogen in an adsorbed
state, or adsorbed in the interior of organic matter in a diffused
state (Yang et al., 2016, 2018). The micro-nano-scale pore
structure obviously controls the migration of oil and gas, and
the study of multi-scale pore characteristics of shale is very
important (Yang et al., 2016; Pang et al., 2018; Yang et al.,
2018; Xu Q. et al., 2020).

On the basis of lithofacies division, multiscale pore
characteristics of different lacustrine shale types in the
Member 2 of Kongdian Formation in Cangdong sag were
studied systematically. Notably, we attempt to identify
similarities and differences between the target lacustrine shale
using quantitative methods, including high pressure mercury
intrusion test, low temperature N2 adsorption/ desorption
(LTNA) test, porosity and permeability. In addition, some
qualitative methods, including the use of a field emission
scanning electron microscope (FE-SEM) equipped with an
energy dispersive spectroscopy (EDS) system, polarized light,
and cathodoluminescence microscopes were also used to
support our research.

GEOLOGICAL BACKGROUND

Cangdong Sag is located in the southern part of Huanghua
Depression in Bohai Bay Basin, bounded by Kongdian Uplift
in the north, Dongguang Uplift in the south, Cangxian Uplift in
the west, and Xuhei Uplift in the east (Figure 1). It is the second
largest oil-rich sag in the Huanghua Depression, with a total
exploration area of 4700 km2. It is a long and narrow Cenozoic
rift basin developed on a regional extensional background (Pu
et al., 2016; Zhao et al., 2017, 2018). During the sedimentary
period of the second member of Kong, the activity of the
Cangdong fault began to become the main controlling factor
of the structural evolution, and the Nanpi, Cangdong and
Changzhuang Sags have begun to form (Pu et al., 2016; Zhao
et al., 2017, 2018).

The Ek2 in Cangdong sag belongs to a closed depression-type
lake basin with stable structural evolution and extensive waters.
The lithology is mainly dark gray shale, with a small amount of
light gray silt sandstone, dolomite and other local developments.
The gray-brown argillaceous dolomite section is gradually
developed in the upward strata, with a total thickness of
400–600 m. The Ek2 section can be divided into four
subsections from bottom to top, namely Ek2

4, Ek2
3, Ek2

2, and
Ek2

1 (Figure 1).

SAMPLES AND EXPERIMENTALMETHODS

The lithofacies types are systematically divided. The bulk
mineralogy of 56 samples was determined using X-ray
diffraction (XRD) methods. Through polarized light
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microscopy, XRF scanning, FE-SEM, electron probe, the micro-
mineral types, pore types and sedimentary structure types were
analyzed, and lithofacies types were classified (Figures 2–4;
Table 1).

Based on the classification of lithofacies, 34 samples of
different lithofacies types were tested for the high-pressure
mercury intrusion test at China University of Geosciences
(Wuhan) with the experimental reference standard SY/T 5346-
2005 (Table 2). In addition, in order to characterize the nanoscale
pores, nitrogen adsorption tests were used to characterize the
samples’ nanoscale pores with an ASAP 2020M device at the
China University of Petroleum (East China).

RESULTS AND DISCUSSION

Differences in Petrology
The lacustrine shale strata are highly heterogeneous under the
influence of sedimentation, diagenesis, and tectonic processes.
They are characterized by complex mineral composition and
diverse rock structure types. Minerals mainly composed of felsic
minerals, carbonate minerals and clay, in addition to an amount
of analcime, pyrite, siderite, etc. The type of rock structure is also
quite different, with laminated (visible felsic, carbonate, gray,
clay, organic, and other laminae), layered, massive, etc.
(Figures 2–4).

The particle size of felsic minerals varies greatly and the
sedimentary structures are diverse. Generally, mud-silt felsic
minerals are mostly layered, and often form interlayers with
argillaceous layers; while medium-coarse sandy felsic minerals
generally appear as scattered particles in massive dolomite,
argillaceous dolomite or dolomitic mudstone (Figures 2, 3).

Carbonate minerals are mainly dolomite. Dolomite is mostly
micrite-fine powder crystal, and crystal grains with better crystal
shape are often seen. The intergranular pores of dolomite are
developed. The production status of calcite is relatively diverse,
generally in the form of scattered spots or crack filling.
(Figures 2, 3).

The content of organic matter is generally high, but there are
also big differences. The TOC content of the vast majority of
tested samples range from 1.0 to 11.3% with avg. 4.5%. Rock types
with higher felsic content have relatively higher organic matter,
while the organic matter in the rock types with higher carbonate
content are relatively lower.

The shale in the study area has low maturity, mainly in the
low-mature stage. The Ro values are mainly in the range of
0.66–0.81%, and the average value is 0.72% (Jiao, 2017). Due to
the low degree of organic matter maturity in this area, the organic
matter pores are underdeveloped.

It can be seen that the rock types in the study area are complex
and changeable, dominated by mixed sediments, and lithofacies
can be used as links for further research on lacustrine shale
reservoirs. Taking “clay minerals-carbonate minerals-felsic
minerals” as the three terminal elements, with 50% of their
respective content as the boundary, the shale samples are
divided into four categories. The transitional rock types with
no more than 50% ternary component are named mixed shale
facies (Figure 4).

Classification and Differences in Pore
Types
For shale reservoirs, the micro-nano scale is an important part. In
order to obtain larger magnifications and clearer photos, the

FIGURE 1 | Geological map and general stratigraphy of the Member 2 of Kongdian Formation in Cangdong sag, Bohai Bay Basin, China.
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observation of the microscopic space is mainly through the FE-
SEM, and the samples were subjected to Ar-iron milling before
observation. In this study area, the reservoir space of the research
area is summarized as: 1. interparticle pores, 2. intraparticle
pores, 3. micro-cracks, 4. organic matter pores (Figures 2, 3,
5; Table 1). There are many types of interparticle pores, mainly
mineral aggregate pores and mineral grain inner pores. These
interparticle pores contribute themain reservoir space and are the
most important pore type. The interparticle pores are dominated
by the pores between particles, crystals and clay minerals. Micro-
fractures are relatively developed in carbonate shale, dolomite
and felsic shale sections, mainly caused by tectonic and
diagenesis, and have good connectivity. Due to the relatively

low maturity, the scale and contribution of organic matter pores
are limited (Figures 2, 3, 5).

Compared with marine shale, lacustrine shale in the study area
has the following characteristics:

1) The rock types and their reservoir types are diverse. There are
felsic, dolomitic, mixed shale reservoir types, and some
dolomite interbeds and felsic interbeds.

2) Although some lithologies are relatively tight (mixed shale
facies), developed nano-scale reservoir spaces can still be
observed under the observation of SEM (Figure 5).

3) The micro-reservoir space is dominated by interparticle pores
and intraparticle pores. The interparticle pores are relatively

FIGURE 2 | The characteristics of fine-grained mixed sedimentary rock of Ek2 lacustrine shale in the Congdong Sag (A). Fine-crystalline dolomite, with mixed
organic matter and clay minerals. (B). Fine-crystal-medium-crystal dolomite is mixed with clay minerals (C). Fine-grained-medium-crystalline dolomite is mixed with clay
minerals, and a good oil-bearing display can be seen under fluorescence (D). Shale with a large amount of quartz, feldspar, clay minerals, mixed deposits. (E) shale with a
lot of quartz and feldspar (F). Layered structure, medium-coarse feldspar-quartz particles are layered. Clay minerals and fine-grained dolomite layers (G). Mixed
shale, mixed deposition (H). Mixed shale, mixed deposition. Visible biological shells. Shells are filled with analcime (I). Mixed shale, mixed deposition (J). Fine-grained
felsic and clay laminae, with a coarse-grained felsic layer in the middle (K). Fine-grained mixed sedimentation, with clay minerals-organic matter layer, shell and felsic in
disorderly distribution. l: Calcite laminae-organic matter laminae, showing the messy distribution of felsic-dolomite. Ca-carbonate minerals; Si- felsic minerals; Cl-clay
minerals; Anl- analcime; Or-organic matter.
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FIGURE 3 | Various laminated types developed in the mixed sedimentary rocks [(A–F): single polarized light; (G,H): XRF scan].

FIGURE 4 | Lithofacies classification standard of the lacustrine shale system in the study area. C: Low organic matter (OM)—massive—carbonate shales. C1:
Medium to high OM—laminated—siliceous carbonate shales. C2: Low to medium OM—layered—mixed carbonate shales. S1: Medium to high
OM—laminated—carbonate siliceous shales. S2: Medium to high OM—massive—mixed siliceous shales. S3: Medium to high OM—laminated—argillaceous siliceous
shale. M: Low to medium OM—massive -mixed shale. M1: Medium to high OM—laminated—mixed shale.
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large with millimeter-micron macropores, and the
intraparticle pores are mainly nano-micron scale
(Figures 2, 5).

4) The organic matter content is high, but due to low maturity,
the scale of organic matter pore development is limited
(Figure 5).

5) The brittle minerals are high, and various levels of cracks can
be observed, but there are certain filling phenomena of calcite
and clay minerals (Figures 2, 5).

Differences in Multi-Scale Pore Structure
The physical properties of shale reservoirs mainly depend on the
characteristics of multi-scale pore structure, including pore throat
size, pore geometry, and pore connectivity (Gou et al., 2019; Xu
et al., 2020c). Carrying out multi-scale pore structure studies of
different lithofacies types can not only clarify the storage
performance of the reservoir itself, but also reveal the
occurrence status and enrichment rules of shale oil (Yang
et al., 2019).

TABLE 1 | Spatial characteristics and classification of EK2 lacustrine shale reservoirs in the study area.

Lithofacies types Storage space Feature

Carbonate
shale

C: Low organic matter (OM)—
massive—carbonate shales

Dolomite intergranular pores (including intercrystalline
pores)

Dolomite intergranular pores are developed

C1: Medium to high
OM—laminated—siliceous carbonate
shales

Intergranular pores (dolomite, quartz, feldspar), micro
cracks

The intergranular pores are developed, mainly in the
micron-millimeter level; the interlaminar pores and
fractures are developed

C2: Low to medium OM—layered—mixed
carbonate shales

Intergranular pores (dolomite, quartz, feldspar);
intergranular pores of particles-clay minerals;
intragranular pores of clay minerals (Millimeter-micron
scale)

The types of intergranular pores are abundant, and
clay mineral filling is common

Siliceous
shale

S1: Medium to high
OM—laminated—carbonate siliceous
shales

Intergranular pores of quartz and feldsparare are
dominated, and dolomite intergranular pores and
microcracks can also be observed.

The intergranular pores are developed, and are
mainly micron-millimeter level; the interlaminar pores
and fractures are developed

S2: Medium to high OM—massive—mixed
siliceous shales

Intergranular pores (quartz, feldspar, dolomite);
intragranular pores of clay minerals (micron scale)

Clay mineral filling is visible locally

S3: Medium to high
OM—laminated—argillaceous siliceous
shale

Intergranular pores (quartz, feldspar, dolomite);
intragranular pores of clay minerals (micron scale)

Clay mineral filling; the interlaminar pores and
fractures are developed

Mixed shale M: Low to medium OM—massive—mixed
shale.

Intergranular pores (quartz, feldspar, dolomite);
intragranular pores (clay minerals, pyrite)

Clay mineral filling is common

M1: Medium to high
OM—laminated—mixed shale

Intergranular pores (quartz, feldspar, dolomite);
intragranular pores of clay minerals and pyrite; organic
matter acid-dissolved pores

clay mineral filling is common

TABLE 2 | Pore structure parameters of typical samples from different lithofacies.

No. Well Depth
(m)

Lithofacies
type

Porosity
(%)

Efficiency of
withdrawal (%)

No. Well Depth
(m)

Lithofacies
type

Porosity
(%)

Efficiency
of withdrawal

(%)

1 G108-8 2,922.3 C 3.06 8.01 18 GD14 4,112.3 S2 4.60 4.67
2 GD14 4,099.7 C 1.83 5.16 19 GD12 3,866.5 S2 3.48 5.50
3 GD14 3,875.1 C 3.59 8.31 20 G108-8 3,283.3 S2 3.82 28.38
4 GD14 4,135.1 C 2.44 5.49 21 GD14 4,115.6 S2 3.38 4.52
5 GD14 4,139.0 C 0.61 38.53 22 G108-8 3,150.9 S3 3.24 53.34
6 GD14 4,142.3 C 0.44 28.13 23 G108-8 2,972.0 S3 3.29 50.86
7 G108-8 2,991.9 C1 2.39 33.5 24 GD12 3,856.5 S3 3.35 11.20
8 G108-8 2,990.9 C1 7.12 27.29 25 GD12 3,880.8 S3 7.33 19.54
9 G108-8 3,227.1 C1 1.86 57.58 26 GD12 3,854.9 S3 4.82 9.35
10 GD12 3,825.3 C1 5.26 12.39 27 G108-8 3,141.1 M 4.04 36.74
11 GD12 3,864.9 C2 4.87 46.77 28 GD12 3,837.2 M 7.17 41.40
12 G108-8 3,086.8 C2 1.31 1.67 29 GD14 4,120.9 M 1.02 2.55
13 G108-8 2,971.2 C2 4.61 12.02 30 GD12 3,828.8 M 2.61 15.30
14 G108-8 3,035.4 C2 3.57 40.05 31 G108-8 3,211.4 M1 4.13 46.30
15 GD14 4,118.4 S1 1.67 41.73 32 G108-8 3,244.8 M1 3.14 52.57
16 G108-8 3,057.7 S1 2.24 25.79 33 G108-8 3,184.7 M1 6.17 46.44
17 G108-8 3,023.9 S1 3.03 26.68 34 G108-8 3,112.1 M1 2.22 59.23
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The samples in the study area have the characteristics of multi-
scale spaces, and the curves show that the pore size distribution
has the characteristics of high left and low right peaks (Figure 6).
When the pore size is less than 100 nm, the mercury intake
increases significantly, and nano-scale pores provide a large
amount of storage space. But some samples also have
developed right peaks indicating the rich large-scale storage
spaces (Figure 6).

The comparison of the efficiency of mercury withdrawal
and porosity in different rock structures presents the
characteristics of " laminated > layered > massive"
(Figure 7). The efficiency of mercury withdrawal of
laminated facies is 35.86%, and the porosity is 3.83%. The
efficiency of mercury withdrawal of layered shale facies is
25.13%, and the porosity is 3.59%. They are higher than
those of the massive shale facies (Figure 7).

The comparison of the efficiency of mercury withdrawal and
porosity for the carbonate and siliceous shale facies are basically
same and slightly lower than those of the mixed facies (Figure 8).
The efficiency of mercury withdrawal of carbonate facies is
23.21%, and the porosity is 3.07%. The efficiency of mercury

withdrawal of siliceous shale facies is 23.46%, and the porosity is
3.69%. The efficiency of mercury withdrawal of mixed facies is
37.57%, and the porosity is 3.81% (Figure 8).

The C1, S1 and M1 types with developed laminae have
relatively high efficiency of mercury withdrawal and porosity,
showing better features of storage space and pore structure
(Figure 9). The low temperature N2 adsorption/ desorption
(LTNA) method can further accurately determine the storage
space size and structural characteristics (2–100 nm) of the
mesopores, which can make up for the shortcomings of
high-pressure mercury intrusion in nano-scale pore
characterization. The characteristics of the samples in the
study area can be judged that the adsorption isotherm is
mainly U type, and the adsorption loop is mainly H3 type,
but also has H4 type characteristics (Figure 10); the overall
loudness of the nano-scale pore structure is high-quality.
Unlike other reservoirs, when the relative pressure P/P0
ranges from 0.9 to 1.0, the amount of N2 adsorption
increases sharply without capillary condensation
(Figure 10). When P/P0 is close to the saturated vapor
pressure, the saturated adsorption phenomenon does not

FIGURE 5 | Characteristics of shale micro-pore by SEM observation. (A): G108-8, 3,040.6m, developed interparticle pores. (B): GD14, 4,115.6m, developed
intercrystalline and interparticle pores of clay minerals. (C): GD14, 4,121.9m, massive dolomitic shale facies with developed dissolution pores. (D): G108-8, 3,040.63m,
medium-organic laminar layered felsic dolomitic shale facies with well-developed pores. (E): G108-8, 3,040.6m, organic matter pores. (F): G108-8, 3,040.6m, organic
matter pores. (G): GD12, 3,880.9m, developed interparticle pores with oil. (H): GD14, 4,135.5m, developed interparticle pores. (I): GD 12, 3,880.9m, developed
interparticle pores.
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appear, indicating that the sample also contains relatively large
pores that cannot be measured by LTNA (Ravikovitch and
Neimark, 2002; Nie et al., 2015) (Figure 10).

The lithofacies types (S-3, M, M-1) developed by clay minerals
have relatively developed nanoscale storage spaces (<100 nm).
But the nanoscale storage spaces of the felsic and dolomitic shales
are not developed (Figure 11A,B). The content of clay minerals
and nano-scale storage space parameters (specific surface area
and total pore volume) show a good positive correlation. It can be

seen that the nanoscale storage space (<100 nm) (specific surface
area and total pore volume) can be mainly provided by clay
minerals (Figure 11C,D).

Control Mechanism of Lacustrine Shale Oil
Reservoir
The combined application of multi-scale qualitative-quantitative
analysis methods can deeply compare the differences of different

FIGURE 6 | Distributions of pore-throat diameter of different lithofacies. C: Low organic matter (OM)—massive—carbonate shales. C1: Medium to high
OM—laminated—siliceous carbonate shales. C2: Low to medium OM—layered—mixed carbonate shales. S1: Medium to high OM—laminated—carbonate siliceous
shales. S2: Medium to high OM—massive—mixed siliceous shales. S3: Medium to high OM—laminated—argillaceous siliceous shale. M: Low tomediumOM—massive
-mixed shale. M1: Medium to high OM—laminated—mixed shale.
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FIGURE 7 | Comparison of the efficiency of mercury withdrawal and porosity in different rock structures.

FIGURE 8 | Comparison of the efficiency of mercury withdrawal and porosity in different mineral composition.

FIGURE 9 | Comparison of the efficiency of mercury withdrawal and porosity in different lithofacies.
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lithofacies and point out the important role of laminae in the
reservoir-migration system. On one hand, these laminated shales
including the C1 type (medium to high OM - laminated -
siliceous carbonate shales), S1type (medium to high OM -
laminated - carbonate siliceous shales) and M1 type (medium
to high OM - laminated - mixed shale) show better storage
performance and connectivity. One the other hand, the pore
structure characteristics of mixed shale types are better than those
of the other two types.

In the experimental test, the appearance of cracks will
greatly change the physical characteristics of the sample
(Xu et al., 2019; Xu et al., 2020b). The clay mineral content
in the mixed shales is relatively high, and the shale with high
clay mineral content is prone to undercompaction during the
diagenetic evolution process (Liu et al., 2019; Panja et al.,
2019; Teng et al., 2021). The cementation between layers of
clay minerals is relatively weak, with cracks visible (Figures
12A,B). Clay minerals can provide rich nano-scale storage
space, but they are often filled in big pores and cracks, which
have destruction effects.

Calcite in carbonate shales is usually a cementitious material
(Figures 12C,D). Siliceous carbonate shales can also be
cemented with silicon. This is also the reason why the
carbonate shales and siliceous shales can have poor physical
parameters, and these samples with poor parameters can change
the comparison results.

Due to theundercompaction and weak cementation of clay
minerals in M1 type, this type can show good physical properties
and pore structure characteristics. It should be noted that this is
only for test samples. For shale oil exploration, fracturing should
also be considered. Lithography with high clay mineral content
cannot be used as a favorable reservoir type. C1 and S1 types have
good pore structure and storage space, and have good fracturing
properties, so they should be the best lithofacies types.

CONCLUSION

1. The rock types of lacustrine fine-grained mixed sedimentary
rocks in the study area are quite different. The minerals mainly

FIGURE 10 | Comparison of characteristics of nitrogen adsorption lines for samples of different lithofacies. (A): Low organic matter (OM)—massive—carbonate
shales. (B): Medium to high OM—laminated—siliceous carbonate shales. (C): Low to medium OM—layered—mixed carbonate shales. (D): Medium to high
OM—laminated—carbonate siliceous shales. (E): Medium to high OM—massive—mixed siliceous shales. (F): Medium to high OM—laminated—argillaceous siliceous
shale. (G): Low to medium OM—massive -mixed shale. (H): Medium to high OM—laminated—mixed shale.
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FIGURE 11 |Comparison of nano-scale pore characteristics of different lithofacies types. (A) and (B) refer to the values of S and V of different lithofacies. (C) and (D)
refer to the correlation between clay minerals and nano-scale reservoir space (S, V). C: Low organic matter (OM)—massive - carbonate shales. C1: Medium to high
OM—laminated—siliceous carbonate shales. C2: Low to medium OM—layered—mixed carbonate shales. S1: Medium to high OM—laminated—carbonate siliceous
shales. S2: Medium to high OM—massive—mixed siliceous shales. S3: Medium to high OM—laminated—argillaceous siliceous shale. M: Low to medium
OM—massive -mixed shale. M1: Medium to high OM—laminated—mixed shale.

FIGURE 12 |Microcracks can develop between clay minerals (A,B), and cementation of calcite mineral make the rock more tight (C,D). (A): GD12, 3,880.9m; (B):
G108-8, 3,040.6m; (C): G108-8, 3,043.5m; (D): GD14, 4,135.5 m.
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composed of felsic minerals, carbonate, clay and analcime, and
the rock structure mainly include lamellar, layered, massive types.
Based on the method of organic matter- rock structure-rock type,
the main lithofacies can be summarized into eight types.

2. Multi-scale storage spaces are generally developed in these
shales, and interparticle pores support the main storage spaces.
Pores can be summarized as interparticle pores (including
intercrystalline pores), intraparticle pores, organic pores, and
microcracks. Quartz and dolomite interparticle pores
contributes the main spaces.

3. The physical properties of the massive shales is relatively
inferior to those of layered and massive types, and it presents the
characteristics of " laminated >layered > massive e". The
development of laminated features can strongly improve
storage space and permeability. Among these lithofacies
types, C1 (Medium to high OM—laminated—siliceous
carbonate shales) and S1 (Medium to high
OM—laminated—carbonate siliceous shales) types have good
pore structure, storage space and fracturing properties, and
should be the best lithofacies types.

4. Clay minerals provide the main nano-scale storage space,
but they are often filled in pores and reduces the shale brittleness,
which have destruction effects. The lithofacies types (S-3, M, M-
1) developed by clay minerals have relatively developed nanoscale
spaces (<100 nm). The adsorption isotherms of nano-scale pores
are mainly U type, and the adsorption loops are mainly H3 type.
Clay lamina can produce cracks due to undercompaction and
weak cementation. However, high clay content is not conducive
to shale fracturing.
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