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Possessed of easy access to development and fair economic benefits, medium-

high maturity continental shale oil and gas have become the focus of shale oil

and gas study in the future. Shale oil and gas mainly occur in pores, but studies

on the pore characteristics of shale oil and gas occurrence are by no means

sufficient. Focused on shale from the Middle Jurassic Lianggaoshan Formation

in Well TYX, Fuling block, southeast of Sichuan Basin where a breakthrough in

shale oil and gas exploration was recently achieved, this study selects core

samples and conducts a series of analyses, including vitrinite reflectance

analysis, kerogen microscopic examination experiment, total organic carbon

(TOC) content analysis, mineral composition analysis, gas content

measurement, isothermal adsorption experiment, S1 content analysis, and

others. The analyses are to identify the pore characteristics of the

continental medium and high maturity shale oil and gas by virtue of

scanning electron microscope (SEM) with Ar-ion milling and the image

processing software ImageJ. The conclusions are drawn as follows: in terms

of lithofacies, medium-high maturity continental shale oil and gas mainly occur

in organic-rich clay shale and organic-rich mixed shale; with regard to material

composition, shale oil and gas mainly occur in organic matter, illite-smectite

mixed layers and illite. Shale adsorbed gas content accounts for at most 40% of

the total shale gas content and shale free gas content takes up at least 60% of

the total shale gas content. Pores of solid bitumen, solid bitumen-clay mineral
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complex mass, clay minerals, structured vitrinite, and funginite are mostly

developed in shale. Among them, the first three types of pores are the main

reservoir space in shale considering their large number, good roundness,

medium pore diameter, fairly good roundness of pore edges, and the

complex shapes which altogether contribute to the large surface porosity.

KEYWORDS

continental shale oil and gas, medium-high maturity shale, occurrence and reservoir
space, lithofacies type, material composition, pore type

Introduction

Thanks to the geological theory of shale oil and gas and the

advancement of horizontal well drilling technology and fracking

technology, marine shale oil and gas have managed to be

commercially explored and developed on a large scale in

North America in recent years (Bazilian et al., 2014; Loucks

et al., 2017; Adeleye and Akanji, 2018; Ardakani et al., 2018;

Bakshi and Vishal, 2021). China also boasts huge shale oil and gas

resources of marine, continental and marine-continental

transitional facies. Since 2010, China National Petroleum

Corporation (CNPC) and China Petroleum & Chemical

Corporation (Sinopec Corp) have obtained commercial

breakthroughs in marine shale gas of the Lower Silurian

Longmaxi Formation in blocks like Weiyuan, Changning,

Jiaoshiba, Weirong, Luzhou, Zhaotong, Yongchuan, Dingshan,

et al. (Guo, 2016; Li et al., 2019; Nie et al., 2019; Wang et al., 2019;

Fan et al., 2022). In addition to shale gas, China is also practicing

the exploration and development of shale oil. In continental

strata, when the organic matter in shale is at medium-high

maturity (maturity Ro>0.9%), shale oil is light (relative

density<0.87), which makes it easy to be exploited in light of

its great mobility. In this way, the economic benefits are

considerable, and accordingly light shale oil has become the

key research object at present. (Zhang et al., 2019b; Liu B. et al.,

2021; Liu et al., 2021c).

The characteristics of shale oil and gas occurrence and

reservoir space figure prominently in the study of shale

reservoir characteristics (He et al., 2019; He et al., 2020).

Previous studies have been carried out on the characteristics

of shale reservoirs (Gao et al., 2018; Jin et al., 2018; Gao et al.,

2020; Jin et al., 2020; Li, 2022). To be specific, by virtue of rock

thin section, SEM with Ar-ion milling, nuclear magnetic

resonance (NMR), high-pressure mercury intrusion and low-

temperature nitrogen adsorption experiment, a study was

conducted on the low maturity continental shale strata of

Lower Sub-member 3-Upper Sub-member 4 in Paleogene

Shahejie Formation, Dongying Sag. Data about pore structure

and porosity of shale reservoirs were obtained, and analyses of

the influences that mineral composition and organic matter

content exerted on porosity and pore diameter were also

conducted. The above data and analysis results were further

combined to form thermal simulation experiments where the

evolutionary characteristics of main pore types were discussed

Zhang et al. (2018). Taking advantage of SEM, Soxhlet extractor

method, gas adsorption, NMR (including centrifugation) and

other methods, a study was carried out on the muddy shale in the

lower sub-member of the Member 3 of Shahejie Formation in

Zhanhua Sag in order to ascertain the influences of reservoir

characteristics of muddy shale on the mobility of shale oil, and to

understand its mechanism of action (MOA) Jiang et al. (2020). In

view of the diverse types of shale oil reservoirs and great difficulty

in sweet-spot prediction in the Lucaogou Formation, analysis on

the mechanism influencing shale oil pore development and

evaluation on oil-bearing properties, are supposed to be

carried out. To this end, this study focuses on the microscopic

pore structure of shale oil reservoirs in the Permian Lucaogou

Formation, Jimsar Sag, through an integration of core

observation, SEM, mercury intrusion porosimetry (MIP) and

NMR, etc. As a result, the influential mechanism is disclosed and

classification criteria for reservoir evaluation are set up Wang L

et al. (2022).

Although systemic studies have been carried out on the

reservoir characteristics of shale, research on the

characteristics of oil and gas occurrence and reservoir space of

medium-high maturity continental shale is still insufficient. With

Well TYX as a research object in the Fuling block, southeast of

Sichuan Basin where a commercial breakthrough in continental

light shale oil was recently made, this study proceeds in the

following order: first the gas content and oil content of shale of

different lithofacies types are analyzed; second the reservoir space

where shale oil and gas occur is identified; third the main pore

types of shale is recognized by virtue of SEM, and the SEM image

is analyzed using the image processing software ImageJ, so that

the pore characteristics of shale of different matrices are

quantitatively characterized; finally the patterns of pore

characteristics of shale oil and gas occurrence are summarized.

Geological settings

Sedimentary and stratum characteristics

The Middle Jurassic Sichuan Basin was a depression basin,

and the block located in the southeast of the Sichuan Basin which

is under investigation in this study experienced a complete
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transgression-regression cycle during the sedimentary period of

the Lianggaoshan Formation. (Gao et al., 2017; Li et al., 2020c;

Liu et al., 2020; Gao, 2021; Wang Z et al., 2022). From bottom to

top, the Lianggaoshan Formation can be divided into 3 members

and they are Member I, Member II and Member III. Moreover,

Member I and Member II can be further subdivided into upper

and lower submembers, respectively. Among them, the upper

submember ofMember I and the lower submember ofMember II

were shallow to semi-deep lake depositional environments. In

other words, the submembers are organic-rich shale, as well as

shale oil and gas enrichment strata.

Tectonic characteristics

As is shown in Figure 1, the block is located in the high-angle

fault fold belt in the southeastern Sichuan Basin. The west of the

high-angle fault fold belt is bounded by the Huayingshan fault

and is adjacent to Chuanzhong Uplift, and the east of the belt,

reaching up to the Qiyueshan fault zone, is made up of a series of

arc-shaped mountains (Li et al., 2010; Liu and Ni, 2010; Pang

et al., 2019; Qing et al., 2019; Li et al., 2020b). The arc-shaped

mountain range is a high-angle anticline with the Permian-

Triassic as the core. The two wings of the range are

asymmetrical. Generally, the dip angle of the stratum on the

gentle wing is 20°–30°, and that on the steep wing is 40°–70° and

the stratum can even be upright and inverted. (Li et al., 2017; Li

H. et al., 2020; Li et al., 2021a; Li et al., 2022a). The broad valleys

between the arc-shaped mountains are Jurassic trapped syncline.

The high-angle fault fold belt is ejective from both tectonic and

geomorphic aspects (Wang et al., 2018; Wang et al., 2021a; Li

et al., 2021b; Wang et al., 2021b).

Samples, experiments, and data
sources

Organic matter maturity, TOC content
analysis, mineral composition analysis

In this study, a uniform sampling was conducted on the

shale from the shale core section of the Lianggaoshan

Formation in Well TYX and the specific sampling depth is

shown in Figure 2. Specifically, 7 samples were selected to

carry out organic matter vitrinite reflectance analysis and the

organic matter vitrinite reflectance analyzers of ZEISS Imger

A2m and J&M MSP200 were utilized to analyze the shale

organic matter maturity; 205 samples were selected to

perform TOC content analysis and the TOC content

analyzer of Sievers 860 were used; 72 samples were selected

to do mineral composition analysis and the mineral analyzer

of YST-I was used to conduct X-ray diffraction whole rock

mineral analysis.

Rock pyrolysis experiment

Rock pyrolysis, put forward by the French Institute of

Petroleum (IFP), can evaluate source rocks in a short time

period. The basic principle is to pyrolyze source rocks by

heating the rock samples in certain instruments and

afterwards the source rocks are evaluated on the basis of the

type and quantity of products. The pyrolysis results are displayed

in the pyrolysis spectrum which has three peaks. Particularly, the

P1 peak turns up when pyrolysis temperature is less than 300°C,

and the area of the peak is represented by S1. The residual

hydrocarbon content in the rock is displayed by kg

(hydrocarbon)/t (rock), which is equivalent to chloroform

bitumen “A”. This study conducted a uniform sampling and

38 samples were selected form the shale core section of

Lianggaoshan Formation in Well TYX, and the specific

sampling depth is shown in Figure 2. An instrument of

ROCK Eval 7 was utilized to perform the rock pyrolysis

experiment.

On-site analysis of total gas content in
shale

The total gas content of shale plays an important role in

evaluating the oil-gas-bearing potential of shale. The shale gas

analyzer can measure the residual shale gas content at the core of

shale in the well sites, and the original total gas content of shale

can be simulated by mathematical formula. This study conducted

a closed sampling and 70 samples were selected from the core

section of the Lianggaoshan Formation in Well TYX, and the

specific sampling depth is shown in Figure 2. An analytical gas

analyzer of YSQ-IV was used to measure the total gas content of

shale.

Isothermal adsorption experiment

The isothermal adsorption experiment can quantitatively

analyze the maximum adsorption capacity of shale. In this

study, 10 samples were selected from the core section of

Lianggaoshan Formation in Well TYX, which are shown in

Figure 2. The isothermal adsorption apparatus of FY-KT

1000 was used to conduct the experiment at a temperature of

125°C.

FIB-SEM observation

Focused ion beam scanning electron microscope (FIB-SEM)

can perfectly identify the microscopic mineral composition and

pore type of shale. FIB technology is a new technique with high

resolution that focuses the ion beam spot to sub-micron or even
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nanometre scale and realizes microfabrication with a deflection

system. A FIB-SEM sample can only be obtained through several

procedures, such as grinding, Ar-ion milling, carbon spraying,

etc. The rather mature secondary electron imaging technology of

FIB-SEM can fairly identify the surface topography of minerals

and pores, in particular. With this technology in use, the micro-

nanometre pores of shale are bright all around, which makes it

easy to be identified and together with the backscattered

FIGURE 1
Location of the Fuling block and the distribution of TYX well sites in the southeast of Sichuan Basin, South China. Modified from references (Guo
et al., 2016; Guo et al., 2017; Liu W. et al., 2021; Wei et al., 2021; Zhang et al., 2022b).

Frontiers in Earth Science frontiersin.org04

Yuan et al. 10.3389/feart.2022.1032018

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1032018


technology of FIB-SEM which can help identify the mineral

composition, the type of shale micro-nanometre pores can be

effectively determined (Zhang et al., 2019c; Li et al., 2021c; Zhang

et al., 2022d; Zhang et al., 2022e). In this study, FIB-SEM

observation was carried out using an instrument of FEI

HELIOS NANOLAB 650 SEM.

FIGURE 2
Comprehensie histogram of sampling depth, analysis and test results of the samples, and lithofacies division results in Member I and Member II
of Well TYX. Modified from references (Liu W. et al., 2021; Wei et al., 2021; Zhang et al., 2022b). See Figure 1 for the well location.
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Results and discussion

Analysis of shale organic matter maturity

The analysis results of shale organic matter maturity are

shown in the table below. According to Table 1, it can be seen that

Ro of organic matter of Lianggaoshan Formation shale in Well

TYX ranges from 1.29 to 1.38%, with an average value of 1.34%.

China’s continental shale oil resources are generally divided

into two categories according to their maturity. When Ro is

greater than 0.9%, the shale oil is believed to have medium-high

maturity, and when the situation is opposite, it is called medium-

low maturity shale oil. The shale oil of Lianggaoshan Formation

in Well TYX is of medium-high maturity. When Ro is greater

than 0.9%, the original organic matter (kerogen) evolves into a

massive hydrocarbon generation stage, and the occluded

hydrocarbons (petroleum, bitumen, etc.) fill the organic and

inorganic pores of shale.

Lithofacies division of shale

The division schemes of shale lithofacies were proposed

based on TOC content and mineral composition in previous

studies: 1) according to TOC content, shale was divided into

3 types and they are: organic-rich shale (TOC content:≥2%),

organic-bearing shale (TOC content: 1–2%), and organic-lean

shale (TOC content: 0–1%); 2) according to mineral

composition, shale was divided into 4 types and they are:

calcareous shale (carbonate minerals ≥50%), clayey shale (clay

minerals ≥50%), siliceous shale (siliceous minerals ≥50%), mixed

shale (siliceous minerals, clay minerals and carbonate minerals

are all less than 50%) (Clarkson et al., 2013; Daigle et al., 2017;

Zhang et al., 2019a; Li et al., 2022b; Zhang et al., 2022c). In

combination with the two division schemes, there appear

3×4=12 types of lithofacies. Based on the TOC content and

mineral composition of shale samples, the shale lithofacies are

divided as shown in the figure.

Analysis of S1 content in shale of different
lithofacies types

The analysis results of S1 content in shale are shown in

Figure 2. The statistical analysis of S1 content in shale of different

lithofacies types is shown in Figure 3, according to which, S1
content in organic-rich clayey shale is the highest, with an

average value of 0.58 mg/g; S1 content in organic-rich mixed

shale is the second highest, with an average value of 0.41 mg/g; S1
content in organic-bearing clayey shale, as well as organic-

bearing mixed shale, is around 0.19 mg/g; S1 content in

organic-lean clayey shale, organic-lean mixed shale and

sandstone is as low as 0.01–0.05 mg/g.

Analysis of gas content in shale of different
lithofacies types

Analysis of total gas content in shale
The analysis results of gas content in shale are shown in

Figure 2 and the statistical analysis of gas content in shale of

different lithofacies types is shown in Figure 4. According to

Figure 4, gas content in organic-rich mixed shale is the highest,

with an average value of 2.59 m3/t; gas content in organic-rich

clayey shale is the second highest, with an average value of

1.68 m3/t; gas content in organic-bearing clayey shale and

organic-bearing mixed shale is around 1.58–1.13 m3/t; gas

content in organic-lean clayey shale, organic-lean mixed shale

and sandstone is the lowest, that is, 0.35–0.51 m3/t.

Analysis of adsorbed gas content and free gas
content

The Langmuir volume and Langmuir pressure of each shale

sample can be obtained through the isotherm adsorption

TABLE 1 Analysis results of organic matter maturity of Lianggaoshan
Formation shale in Well TYX.

Stratum Depth Ro (%)

Upper submember of Member II 2498.37 1.29

Lower submember of Member II 2525.47 1.38

Lower submember of Member II 2544.28 1.29

Lower submember of Member II 2555.56 1.32

Upper submember of Member I 2573.23 1.34

Upper submember of Member I 2587.58 1.35

Lower submember of Member I 2612.12 1.43

FIGURE 3
Characteristics of S1 content in shale of different lithofacies
types in Lianggaoshan Formation in Well TYX. See Figure 1 for the
well location.
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experiment. Langmuir volume (VL), with the unit being m3/t, is

the maximum adsorption capacity and physically, it signifies the

adsorbed gas content in shale when the adsorption of methane

reaches saturation point at a given temperature. Langmuir

pressure (PL), with the unit being MPa, is the pressure at

which one-half of the Langmuir volume can be adsorbed.

The isotherm adsorption equation is as follows:

V � VLP

P + PL

Specifically,

V is the maximum adsorption capacity of shale sample under

formation pressure P (unit: m3/t); P is formation pressure (unit:

MPa), p=1×9.81×H×formation pressure coefficient/1000, H is

burial depth (unit: meter); VL represents Langmuir volume and

PL Langmuir pressure.

The formation pressure coefficient of the Lianggaoshan

Formation in Well TYX is 1.2. The formation pressure can be

calculated based on the burial depth of shale samples and the

formation pressure coefficient. The maximum adsorbed gas

content of the shale samples under formation pressure P can

be calculated when the values of P, VL and PL are substituted into

the isotherm adsorption equation. The calculation results are

shown in Table 2. The minimum free gas content can be

calculated by subtracting the maximum adsorbed gas content

from the measured total gas content, so that the ratio of the

maximum adsorbed gas content, as well as the minimum free gas

content, to the total gas content in shale can be further calculated.

The calculation results are shown in Table 3. According to

Table 2 and Table 3, the average value of adsorbed gas

content in shale in Well TYX is at most 0.66 m3/t and the

value ranges from 0.06 to 1.06 m3/t. And adsorbed gas content

accounts for at most 40% of the total shale gas content; the

average value of free gas content in shale in Well TYX is at least

1.39 m3/t and the value ranges from 0.09 to 4.39 m3/t. And free

gas content takes up at least 60% of the total shale gas content.

Research on the occurrence space of
shale oil and gas

Shale oil and gas occur in the reservoir space of shale matrix,

but considering the complex composition and various types of

reservoir space of medium-high maturity continental shale,

related research is required to find out in what reservoir space

the shale oil and gas occur.

FIGURE 4
Characteristics of gas content in the shale of different
lithofacies types in Lianggaoshan Formation in Well TYX. See
Figure 1 for the well location.

TABLE 2 Results of isothermal adsorption experiment and calculation results of formation pressure and maximum adsorbed gas content in
Lianggaoshan Formation of Well TYX.

Well depth Langmuir volume Langmuir pressure Formation pressure Maximum
adsorbed gas content

(m) (m3/t) (MPa) (MPa) (m3/t)

2526.95 1.39 19.79 29.75 0.83

2528.74 0.56 6.98 29.77 0.45

2547.26 0.9 10.99 29.99 0.66

2551.36 1.09 9.12 30.03 0.84

2555.56 0.97 10.03 30.08 0.73

2559.1 1.41 10 30.13 1.06

2565.32 0.19 2.81 30.2 0.17

2569.2 1.24 9.24 30.24 0.95

2576.89 1.35 8.88 30.34 1.04

2585.34 0.06 0.88 30.43 0.06
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Correlation analyses of shale oil and gas and
shale material composition

In order to figure out the occurrence space of shale oil, the S1
content - TOC content diagram and S1 content - Clay mineral

content diagram are displayed in this study, as shown in Figure 5.

There is a fairly positive correlation between S1 content and TOC

content and clay mineral content (Figures 5A,B), which indicates

that shale oil mainly occurs in kerogen and clay minerals. S1 content

is largely positively correlated with illite/smectite (I/S) mixed layer

and illite (Figures 5C,E), but it is first positively and then negatively

correlated with kaolinite and there also exists a slight positive

correlation between S1 content and chlorite (Figures 5D,F), which

show that shale oil in clay minerals mainly occurs in I/S mixed layer

and illite and only a small amount occurs in kaolinite and chlorite.

In order to figure out the occurrence space of shale gas, this study

displays the total gas content - TOC content diagram and total gas

content - Clay mineral content diagram, as shown in Figure 6. There

is a fairly positive correlation between total gas content and TOC

content and clay mineral content (Figures 6A,B), which indicates that

shale gas mainly occurs in kerogen and clay minerals. Total gas

content is largely positively correlated with illite/smectite (I/S) mixed

layer and illite (Figures 6C,E), but it is slightly positively correlated

with kaolinite and chlorite (Figures 6D,F), which shows that shale gas

in clay minerals mainly occurs in I/S mixed layer and illite and only a

small amount occurs in kaolinite and chlorite.

Identification of pore types developed in shale
In order to identify in detail the main pore types developed in

shale, the FIB-SEM experiment was performed in this study to

observe the organic-rich shale strata in the lower submember of

Member II and the upper submember of Member I in the

Lianggaoshan Formation. Under the SEM with Ar-ion milling,

different material composition of shale manifests different

characteristics, among which clay minerals can be easily identified,

but the organic macerals with complex classifications are difficult to

identify (Hackley and Cardott, 2016; Davudov andMoghanloo, 2018;

Davudov et al., 2020). The maceral types in this study are determined

through a combination of factors, such as the external form, color,

brightness, protrusion of organic matter, the relationship between

organic matter and its surrounding minerals, characteristics of

organic pore development and fissure development, among others.

As a pretty important organic matter component in shale, solid

bitumen is secondary organic matter and is often developed in the

mature stage of oil-generating window and gas-generating window

(Klaver et al., 2016; Zhang et al., 2017; Zhang et al., 2020b; Zhang

et al., 2020c). Solid bitumen-claymineral complexmass widely exists

in such fine-grained sediments as shale. Studies show that in shale,

about 72% of the organic matter is bound to clay minerals and they

are together preserved in the form of organic clay complexmass. The

solid bitumen-clay mineral complex mass has a great influence on

the enrichment of oil and gas. Vitrinite is a type ofmaceral formed by

humification and gelation role of lignocellulosic tissues of higher

plants. Lignocellulosic structures are often retained in well-preserved

vitrinites, in which cell walls and cell lumina are visible, while the

badly damaged vitrinites are often granular in all directions and their

cell structures are difficult to identify. Vitrinite includes structured

vitrinite, unstructured vitrinite, and detrital-vitrinite. Under a

polarizing microscope, inertinite reflects white--yellow-white light

and this feature distinguishes itself sharply from vitrinite. Inertinite

includes fusinite, semi-fusinite and detrital-inertinite (Zou et al.,

2019; Wang et al., 2020; Xia et al., 2020; Yu et al., 2022).

As is shown in Figure 7, with the FIB-SEM experiment, the

following components were observed: solid bitumen (Figure 7A),

solid bitumen-clay mineral complex mass (Figure 7E), clay

minerals (Figure 7I), structured vitrinite (Figure 7M),

funginite (Figure 7Q), detrital-vitrinite/detrital-inertinite

(Figure 7U). Pores are mainly developed in solid bitumen,

clay minerals, and solid bitumen-clay mineral complex mass;

TABLE 3 Ratios of minimum free gas content and maximum adsorbed gas content to total shale gas content and calculation results of minimum free
gas content.

Well depth Maximum adsorbed
gas content

Measured total
gas content

Minimum free
gas content

Ratio of
maximum adsorbed
gas content
(%)

Ratio of
minimum free
gas content
(%)(m) (m3/t) (m3/t) (m3/t)

2526.95 0.83 1.76 0.92 47.53 52.47

2528.74 0.45 0.54 0.09 83.39 16.61

2547.26 0.66 1.86 1.2 35.50 64.50

2551.36 0.84 3.31 2.47 25.28 74.72

2555.56 0.73 4 3.27 18.20 81.80

2559.1 1.06 1.58 0.52 67.09 32.91

2565.32 0.17 0.4 0.22 43.78 56.22

2569.2 0.95 5.34 4.39 17.79 82.21

2576.89 1.04 1.6 0.55 65.39 34.61

2585.34 0.06 0.32 0.26 18.34 81.66
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pores are also partially developed in structured vitrinites and

funginite; almost no pores are developed in unstructured

vitrinites, vitrinites, fusinite, semi-fusinite and detrital-inertinite.

Quantitative characterization of pore
characteristics of shale of different matrices

The software ImageJ is utilized to process images. ImageJ is a

Java-based image processing program inspired by USA National

Institutes of Health (NIH). Electronic images in TIFF, JPEG,

BMP, PNG and other formats can all be processed by ImageJ

(Wang et al., 2016a; Wang et al., 2016b; Wang et al., 2017). In the

field of oil and gas geology, ImageJ is often used to analyze the

pore-fissure structural systems of sedimentary reservoirs. With

ImageJ, quantitative characterization of pore development

characteristics of specific macerals can be achieved. The

imported SEM image which is of high resolution and high

FIGURE 5
Correlation analysis of S1 content in shale and shale material composition, Lianggaoshan Formation shale in Well TYX. See Figure 1 for the well
location.
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quality was converted to 8bit Gy image and then the organic

matter where pores were to be extracted was selected. Since

organic matter is generally irregular in shape, the image

processing module in ImageJ was used to manually delineate

the organic matter. After counting the area of the organic matter,

the threshold module in ImageJ was used to segment the pores in

the organic matter and the pore area was also counted. The ratio

of the pore area to the area of the organic matter is organic pore

surface porosity (Zhang et al., 2020a; Zhang et al., 2022a; Zhang

et al., 2022b). The final result is the average value of multiple

results extracted by different people so as to avoid statistical

deviation caused by human factors.

The SEMpictures were processedwith ImageJ and the processing

procedures are shown in Figure 7. The following pore characteristics

of shale of different matrices are secured: perimeter, roundness,

average pore diameter, average pore area, number of pores per

FIGURE 6
Correlation analysis of total gas content in shale and shale material composition, Lianggaoshan Formation shale inWell TYX. See Figure 1 for the
well location.
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FIGURE 7
Pore types developed in the Lianggaoshan Formation shale in Well TYX and the image processing procedures of ImageJ. Solid bitumen pores
and image processing procedures (A–D), 2547.26 m; pores of solid bitumen-clay mineral complex mass and image processing procedures (E–H),
2589.61 m;clay mineral pores and image processing procedures (I–L), 2483.01 m; structured vitrinite pores and image processing procedures
(M–P), 2555.56 m; funginite pores and image processing procedures (Q–T), 2547.26 m; detrital-vitrinite/detrital-inertinite pores and image
processing procedures (U–X), 2575.25 m. See Figure 1 for the well location.
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unit area, form factor, fractal dimension, average surface porosity, etc.

The statistical results of pore characteristics of shale of different

matrices are shown in Figure 8, The analyses are as follows: the

pores of solid bitumen, solid bitumen-claymineral complexmass and

clay minerals are large in number, with fine roundness, medium pore

diameter, fairly good roundness of pore edges and complex shapes,

thus altogether contributing to their large surface porosity, i.e., 17.791,

11.147 and 12.991%, respectively. Therefore, these pores are the main

reservoir space of shale oil and gas. Funginite pores have medium

pore diameter, good roundness, average number, good roundness of

FIGURE 7
(Continued)
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FIGURE 7
(Continued)
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pore edges, and relatively complex shapes, which altogether lead to its

medium surface porosity of 3.458%. Funginite pores partially serve as

the reservoir space of shale oil and gas. Small in number, structured

vitrinite pores have good roundness, large pore diameter, good

roundness of pore edges, and relatively complex shapes, which

altogether result in the low surface porosity of 1.282%. Structured

vitrinite pores slightly function as the reservoir space of shale oil and

gas. Small in number, the pores of detrital-vitrinite/detrital-inertinite

and the microfractures developed in them have large pore diameters,

poor roundness, poor roundness of pore edges, and relatively complex

shapes, thus resulting in the low surface porosity of 1.378%. Hence,

these pores slightly work as the reservoir space of shale oil and gas.

FIGURE 8
Quantitative characterization of pore characteristics of shale with differentmatrices in Lianggaoshan Formation inWell TYX. See Figure 1 for the
well location.
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FIGURE 9
Summary of patterns of pore characteristic of medium-high maturity continental shale oil and gas occurrence.
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Summary of patterns of pore
characteristics of shale oil and gas
occurrence

After the above discussion, the patterns of pore characteristics of

shale oil and gas occurrence are summarized, which is shown in

Figure 9. In terms of lithofacies, medium-high maturity continental

shale oil and gasmainly occur in organic-rich clayey shale and organic-

richmixed shale.With regard to thematerial composition, shale oil and

gas mainly occur in clay minerals including organic matter, illite-

smectite mixed layers and illite. As for pore types, shale oil and gas

mainly occur in the pores of solid bitumen, solid bitumen-clay mineral

complexmass and clayminerals, and partly occur in structured vitrinite

pores and funginite pores. Among them, pores of solid bitumen,

structured vitrinites and funginite are organic.

Conclusion

Focused on shale from the Middle Jurassic Lianggaoshan

Formation in Well TYX, Fuling block, southeast of Sichuan Basin

in the Upper Yangtze region of southern China, this study, selecting

shale core samples, has conducted a series of analyses and they are:

vitrinite reflectance analysis and kerogen microscopic examination

experiment, the identification of shale organic geochemical

characteristics, TOC content analysis and mineral composition

analysis, the classification of shale lithofacies, S1 content analysis,

gas content measurement and isothermal adsorption experiment, the

identification of oil-gas-bearing potential of shale of different

lithofacies, as well as occurrence space of shale oil and gas. The

SEM with Ar-ion milling and ImageJ were used to identify the main

pore types developed in shale, and the pore characteristics of shale of

different matrices were quantitatively characterized. The conclusions

are drawn as follows:

1) In terms of lithofacies, medium-high maturity continental

shale oil and gas mainly occur in organic-rich clayey shale and

organic-rich mixed shale.

2) With regard to the material composition, shale oil and gas mainly

occur in organic matter, illite-smectite mixed layers and illite

which are of clay minerals. The adsorbed gas content in shale

accounts for atmost 40%of the total shale gas content and the free

gas content in shale takes up at least 60% of the total shale gas

content.

3) As for pore types, shale oil and gas mainly occur in the pores

of solid bitumen, solid bitumen-clay mineral complex mass

and clay minerals, and partly occur in structured vitrinite

pores and funginite pores.

4) Large in number, the pores of solid bitumen, solid bitumen-

clay mineral complex mass, and clay minerals, with the

characteristics of fine roundness and large surface porosity,

are the main reservoir space of shale oil and gas; funginite

pores, with medium pore diameter, good roundness and

medium surface porosity, partially serve as the reservoir

space of shale oil and gas; small in number, structured

vitrinite pores, with good roundness and low surface

porosity, slightly function as the reservoir space of shale oil

and gas; the pores of detrital-vitrinite/detrital-inertinite and

the microfractures developed in them have large pore

diameters, poor roundness and low surface porosity, so the

pores are merely the reservoir space of shale oil and gas.
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