
Experimental investigation of
pore structure and its influencing
factors of marine-continental
transitional shales in southern
Yan’an area, ordos basin, China

Hui Xiao1,2,3*†, Nan Xie2,3, Yuanyuan Lu4, Tianyue Cheng2,3 and
Wei Dang2,3

1The Key Laboratory of Unconventional Petroleum Geology, Oil & Gas Survey, China Geological
Survey, Beijing, China, 2School of Earth Sciences and Engineering, Xi’an Shiyou University, Xi’an, China,
3Shaanxi Key Laboratory of Petroleum Accumulation Geology, Xi’an Shiyou University, Xi’an, China,
4CNOOC Research Institute Ltd., Beijing, China

The intensive study of the pore structure and its controlling factors of shale

reservoir has important guiding significance for further exploration and

exploitation of shale gas. This work investigated the effects of organic and

inorganic compositions on the development of pore structures of the Upper

Permian Shanxi shale in the southern Yan’an area, Ordos Basin. Based on the

results of high-pressure mercury intrusion, low-pressure N2 and CO2

adsorption and organic geochemical experiments, X-ray diffraction and

scanning electron microscope observations, the mineral composition, pore

structure and its influencing factors of the transitional shale were studied

systematically. The results indicate that the total organic carbon (TOC)

content of the shale is between 0.12% and 5.43%, with an average of 1.40%.

The type of the organic matter (OM) belongs to Type III and has over maturity

degree with an average Ro of 2.54%. An important character of this kind of shale

is the large proportion of clay mineral content, which ranges from 40.70% to

87.00%, and with an average of 60.05%. Among them, illite and kaolinite are the

main components, and they account for 36.6% and 36.7% of the total clay

minerals respectively, followed by chlorite and illite/smectite (I/S) mixed layer.

The quartz content is between 10.6% and 54.5%, with an average of 35.49%. OM

(organic matter) pores are mostly circular bubble-shaped pores, and most of

them are micropores, while inorganic pores are well developed and mainly

contributed by clay mineral pores and have slit-type, plate-like and irregular

polygon forms. Mesopores are themajor contributor to pore volume (PV), while

micropores contribute the least to PV. The contribution of micropores to the

specific surface area (SSA) is greater than 61%, followed by mesopores.

Macropores have almost no contribution to the development of SSA. OM

pores are the main contributor to the total specific surface area of the shale,

with an average contribution rate of 61.05%, but clay mineral pores contribute

more to the total pore volumes. In addition, both the content of chlorite and

illite/smectite (I/S) mixed layer is positively correlated with the volume ratio of

mesopores. It was found that high TOC, I/S mixed layer and chlorite content are

all favorable conditions for the target shale.
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Introduction

As the demand for fossil fuels increases, unconventional

resources have attracted an increasing attention from many

countries (Dang et al., 2022). In 2017, China’s shale gas

production reached 9×1010m3, occupying 6.09% of the whole

country’s natural gas production. The commercial exploitation of

shale gas in the Fuling area, Sichuan Basin, has made great

breakthroughs, and industrial gas flow has also been achieved in

the Guizhou and Yunnan Provinces. In addition, shale gas

exploration has been carried out in the Ordos Basin, Qaidam

Basin and Songliao Basin in China (Chen et al., 2016; Dang et al.,

2016; Sun et al., 2021).

At present, there are a lot of detailed research on the

reservoir evaluation of marine and continental shales,

however, there is a lack of systematic research in transitional

shales. The transitional shales are widely distributed in different

sedimentary strata in China (Jiang et al., 2015; Li et al., 2020a; Li

et al., 2020b; Zhang et al., 2020). Compared with the marine

strata, shale reservoirs in transitional shales are rich in clay

minerals and usually have a high value for the maturity of

organic matters (Jiang et al., 2015; Yang et al., 2016; Santosh

and Feng., 2020; Zheng et al., 2020; Li et al., 2021a).

Distributions of pore structure parameters, which are

important of shale gas storage and flow, have been widely

concerned and evaluated by many scholars. According to the

International Union of Pure and Applied Chemistry

Classification (IUPAC), shale pores are divided into

micropores (<2 nm), mesopores (2–50 nm), and macropores

(>50 nm) according to their pore size. Generally, micropores

provide the main accumulation sites for adsorbed gas, while

mesopores and macropores provide the main accumulation

sites for free gas (Curtis et al., 2012; Sun et al., 2015; Zhao et al.,

2020). Therefore, the quantitative characterization of pore

structures of different sizes in shale gas is critical.

Organic matter and mineral components are the two main

factors controlling the development of shale pore structures.

Organic matter in shale controls the development of

nanopores and is an important contributor to specific

surface area and pore space, therefore, it is important for

shale gas adsorption and storage (Loucks et al., 2009; Wang

et al., 2020; Lan et al., 2021; Zhao et al., 2021). The mineral

components of quartz, clay, and carbonate rocks are all related

to the development of pores and fractures in shale. The feature

of high clay mineral content cannot be ignored when studying

the pore structures of the transitional shale (Dang et al., 2017;

Guozhang Li et al., 2019; Ma et al., 2019; Yong Li et al., 2019;

He et al., 2020).

As to the transitional shale reservoirs, many scholars have

focused on the evaluation of reservoir properties, influencing

factors of gas content and its accumulation conditions, and

prediction of favorable areas (Dang et al., 2017; Xiong et al.,

2017; Xi et al., 2018; Yin et al., 2018; Guozhang Li et al., 2019; Kun

Yu et al., 2019; Ma et al., 2019; Qi et al., 2019; Yin and Gao 2019).

However, the development characteristics of shale pore

structures of transitional shale are still not clear.

This study takes the Upper Paleozoic Shanxi Formations

in the Ordos Basin as an example and various testing methods

have been used to quantify the shale pore structures. The main

objectives are: 1) to understand the basic geochemistry,

mineral composition characteristics, pore development

types and pore distribution characteristics of the

transitional shale in the study area; 2) to analyze the main

controlling factors of the pore structures of the transitional

shale.

Samples and methods

Preparation of clay-rich shale samples

The Ordos Basin is the second largest sedimentary basin in

the central China. It is a typical craton basin where multiple

prototype basins overlap. It includes six sub-level tectonic

units (Figure 1A). Since the Late Paleozoic, the Ordos Basin

has experienced many transgressions and tectonic changes

affected by regional structure movement, basement faulting,

and sea-level rising and falling. A thick marine-continental

transitional stratum was deposited in the Carboniferous-

Permian of the Upper Paleozoic. The shale gas-bearing

strata from bottom to top are the Benxi Formation, the

Taiyuan Formation and the Shanxi Formation, respectively

(Figure 1B) (Yan et al., 2015). The sedimentary environments

are dominated by marsh-lagoon facies and marine-continental

transition delta facies. Sandstone, coal, and black shale are

widely developed in the Shanxi Formation. The shale of the

Shanxi Formation is dominated by clay minerals, with an

average mass fraction of over 50% (Sun et al., 2017; Yin

et al., 2019; Zhu et al., 2019).

The study area belongs to the southern of the Yishan Slope

(Figure 1A). A total of 10 groups of core samples in the Shanxi

Formation were collected from the Wells C88 and C89 for this

study. The depth of the samples ranges from 2 271.5 to

2 437.4 m. Total organic carbon (TOC), vitrinite reflectance

(Ro), full-rock and clay X-ray diffraction (XRD), field

emission—scanning electron microscopy (FE-SEM), low-

temperature CO2 and N2 adsorption and high-pressure

mercury injection (MICP) experiments were used to

analyze the pore structures of shale reservoirs in the study

area. Organic petrography analysis including Ro and TOC test,
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and FE-SEM were all conducted at the Shaanxi Key Lab of

Petroleum Accumulation Geology, Xi’an Shiyou University;

the experiments of XRD, CO2, and N2 absorption analysis and

MICP were performed by the Sichuan Province Key

Laboratory of Shale Gas Evaluation and Exploration.

Experiment methods

The TOC content of the samples was determined using a

carbon-sulfur analyzer (CS-230) from the American LECO

Company based on the Chinese National Standards (GB/

T19145-2003). Samples were milled and sieved to

100 mesh, and then 5 g powder sample were placed in HCl

for 2 h to remove inorganic carbon and impurities and then

washed with distilled water and dried. The Ro of the samples

was examined using a Leitz MPV-SP photometer microscope

according to the Chinses National standards (GB/T6948-

1998). The test is performed at a temperature of 23°C ±

3°C, and the relative humidity is below 70%.

The whole rock and clay mineral compositions were

analyzed by a D8 Discover X-ray diffractometer, following

the Chinese Oil and Gas Industry Standards (SY/T 5163-

2010). After crushing the sample particles to less than

200 mesh, 80 g sample were mixed with ethanol, ground

into mortar, and placed on glass slides. The pretreated

samples were scanned at rate of 4°/min, and the scanning

range was 3–85°(2θ). The mineral content was semi-quantified

using Jade ® software.

The FE-SEM of samples were determined using a TESCAN

MALA3 LMH. Samples were observed under vacuum conditions

with an acceleration voltage of 15 Kv and a resolution of 1 nm. In

prior of SEM, the surfaces of the shale samples were etched via

ion milling.

The low-temperature CO2 adsorption and N2 adsorption/

desorption were performed on shale samples at 0°C

and −195.8°C, respectively (2 g) using the Micromeritics ASAP

2460 specific surface analyzer. To characterize the overall size of

the pores distributed in the shale samples, the SSA and PV

distributions of micropores were obtained from the CO2

adsorption data using the Density Function Theory (DFT)

(Clarkson et al., 2013). The SSA distribution of mesopores

and macropores were explained using the N2 adsorption/

desorption data by the Brunauer-Emmett-Teller (BET) model,

and the PV distributions of pores ranging from 2–10 nm and

10–100 nm were obtained by the DFT and Barrett-Joyner-

Halenda (BJH) models (Guozhang Li et al., 2019). In the past,

the BJH, BET and DFT theory are the most used methods to

extract the pore surface area and pore volume from the N2 and

CO2 adsorption isotherms, and more importantly, these methods

have been proved to be successful in characterizing the pore

structures (Dang et al., 2020; Li et al., 2021b). MICP analysis were

performed on the American Mike Auto Pore IV9520 type

mercury pressure instrument. The maximum mercury inlet

pressure is 227.4 MPa, the experimental interfacial tension σ is

480 dyn/cm, the wetting angle θ is 140°, and the mercury volume

accuracy is 0.1 μl. The experiment is operated based on the

Chinese Oil and Gas Industry Standards (SY/T 5346-2005).

FIGURE 1
Location and well distribution of the study area (A) and generalized stratigraphic column of the Upper Paleozoic, Ordos Basin (B) (Modified after
Yang et al., 2016).
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Results

Mineral composition and organic
geochemical characterization

The TOC content of the shale samples ranges from 0.11% to

5.42%, with an average of 1.34% (Table 1). Compared with

previous research results, it is found that the organic matter

content of the transitional shale varies greatly (Xiong et al., 2017;

Xi et al., 2018; Gao, 2019; Guozhang Li et al., 2019; Ma et al.,

2019). The range of Ro value ranges from 2.23% to 2.72%, with an

average of 2.46% (Table 1), indicating that the shale samples in

the study area are at over maturity stage, i.e., dry gas window (Nie

et al., 2020). The shale in the study area and its vicinity mainly

contains Type III kerogen and terrestrial microscopic

components (vitrinite and inertinite) (Xi et al., 2017).

The XRD and clay analysis results show that the total clay

content is distributed between 58.8% and 87.00%, with an

average of 69.35%. Among clay minerals, illite and kaolinite

have a relative high content, and their average value are 25.29%

and 25.08% respectively. Followed by the chlorite and I/S

contents, the average content are 10.21% and 8.42%

respectively (Table 1). The quartz content ranges from 10.6%

to 39.3%, with an average of 27.31%. It also contains a small

amount of feldspar and pyrite. Compared with continental or

marine shale, high clay mineral content has become another

important feature of transitional shale (Xu et al., 2019a; Li et al.,

2021a).

Studies on transitional shale found that clay minerals have

a certain adsorption of organic matter. Organic matter can be

attached to the surface of clay mineral particles, which is

mainly manifested in a significant increase in the TOC

content as the total clay mineral content in the shale

increases (Dang et al., 2017; Hou et al., 2020). However,

this study also found that with the increase of the TOC

content, the clay mineral content decreases (Figure 2). After

comparisons with previous studies of the transitional shale of

the Shanxi Formation in the Ordos Basin and the marine shale

of the Longmaxi Formation in Sichuan Basin, we found that

the total clay minerals have a negative correlation with the

TOC content (Xiong et al., 2017; Xu et al., 2019b; Xu and Gao.,

2020). Further research is needed to confirm the correlation

between the TOC and the total clay contents in different

depositional environments.

Pore types

According to International Union of Pure and Applied

Chemistry (IUPAC) classification, the N2 adsorption curves of

shale samples are mainly Type IV (Yong Li et al., 2019). When

the relative pressure P/P0 is in the range of 0.45–0.90, capillary

condensation occurs in the curves and a hysteresis loop forms,

indicating that there are many mesopores (2–50 nm) in the shale.

When the relative pressure P/P0 is small (<0.3), the adsorption
curve changes gently with the increasing pressure. When P/P0>
0.9, most samples show a steep upward trend with the increasing

pressure.

The hysteresis loops in the N2 adsorption curves are

mainly H3 and H4 types, indicating that the pores in the

shale are mostly slit-shaped and wedge-shaped pores. FE-

SEM observations show that the shale pore types in the

study area are mostly inorganic mineral pores such as clay

mineral interlayer pores, intercrystalline pores, mineral

intergranular pores, and intragranular dissolution pores

(Figure 3). Figures 3A,B are pores related to clay minerals.

This kind of pores are developed well and are mostly clay

interlayer pores. The pore shape is mostly slit-shaped, the slit

TABLE 1 The mineral composition and geochemical parameters of transitional shale reservoirs in study area.

Samples Depths (m) TOC (%) Ro (%) Mineral composition (%)

Quartz Clay Illite Kaolinite I/S Chlorite

A-1 2 271.45 1.56 2.43 29.4 69.2 23.46 20.01 16.56 8.97

A-2 2 284.62 0.82 2.23 24.8 76.3 27.36 30.40 6.84 11.40

A-3 2 293.00 1.24 2.46 36.1 59.1 18.29 31.27 4.72 4.72

A-4 2 301.77 0.62 2.39 39.3 58.8 22.04 23.78 4.06 8.12

A-5 2 304.31 0.72 2.72 31.2 69.2 24.84 28.98 4.83 10.35

A-6 2 306.69 0.80 2.53 21.2 79.5 21.33 41.87 8.69 7.11

A-7 2 431.09 0.11 — 10.6 87.0 36.54 18.27 13.05 19.14

A-8 2 433.52 5.42 2.44 27.4 58.9 20.30 19.72 4.64 13.34

A-9 2 435.84 1.23 — 24.7 68.4 29.24 21.08 4.08 13.60

A-10 2 437.41 0.86 — 28.4 67.1 29.48 15.41 16.75 5.36

Note: Clay content is absolute content.
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width is mostly below 100 nm, and the slit length is mostly

2–3 μm. Figures 3C,D are pores related to brittle particles. This

kind of pores are relatively less developed and are mainly

intergranular and polygonal intergranular pores. The pore

diameter of some intergranular pores reaches micron level,

and a small number of particles develop intragranular

dissolution pores. The contact slits between particles are

mostly formed by the contact of brittle minerals and clay

minerals, or by the density difference of different brittle

minerals. From the FE-SEM observations, organic matter

pores are less developed and are mostly shown as round

bubbles. A few samples develop mesoporous organic pores,

and the pore diameter can reach 10–20 nm (Figures 3E,F).

Pore structure characteristics

The distribution characteristics of the PV and the SSA of the

10 shale samples in the study area are listed in Table 2; Figure 4.

The PV of micropores calculated by the DFT CO2 and N2

absorption data ranges from 0.000 63 cm3/g to 0.007 13 cm3/g,

with an average of 0.002 47 cm3/g and the SSA of micropores

resulted from the BET CO2 and N2 absorption experiments

varies between 2.054 m2/g to 21.424 m2/g, with an average of

7.564 m2/g. The PV of mesopores calculated by the BJH N2

absorption data is between 0.005 4 cm3/g and 0.015 7 cm3/g, with

an average of 0.010 0 cm3/g and the corresponding SSA is

between 1.59 m2/g and 5.88 m2/g, with an average of 4.02 m2/

g. Macropores are characterized by the combination of N2

adsorption and MICP data, while pores above 100 nm are

based on MICP data (Yu et al., 2016). The PV of macropores

range from 0.003 9 cm3/g to 0.007 4 cm3/g, with an average of

0.005 4 cm3/g, and the corresponding SSA vary from 0.13 m2/g to

0.28 m2/g, with an average of 0.20 m2/g. Combining with the pore

characteristic distributions resulted from the CO2, N2 absorption,

and MICP data, the average total PV is 0.017 cm3/g, and the

average total SSA is 11.79 m2/g (Table. 2). The previous studies

on the pore structures of transitional shale are consistent with the

results of this paper (Cao et al., 2015; Wang et al., 2015).

Figure 4 shows that the total PV and SSA have no clear

changing trend with the increase of TOC content. However,

the PV and SSA proportion of micropores show a nonlinear

increasing trend as the TOC content increases. The statistical

results show that the main contributor of PV is mesopores,

accounting for an average of 54.7% of the total PV, followed by

the macropores, accounting for an average of 30.9% of the

total PV. The micropores of PV, with an average of 14.4% of

the total PV, takes the least proportion of PV, but SSA of the

study shale is mainly dominated by the contribution of

micropores, with an average 61.05% of the SSA. The SSA of

the mesopores takes an average proportion of 36.9% of the

total SSA.

According to statistics, the average volume of the mesopores

accounts for 54.7% of the total pore volume, but the mesopore

FIGURE 2
Relationship between shale TOC content and clay minerals.
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specific surface area only accounts for 36.97% of the total average

surface area. The specific surface area is mainly dominated by the

contribution of micropores, and the average specific surface area

of micropores accounts for 61.05% of the total specific surface

area. According to the average pore size calculation equation

(4Vp/As) ×2 (Vp is the total pore volume and As is the total

specific surface area) (Valenza et al., 2013), the average pore size

of shale in the study area ranges from 5.73 to 18.89 nm. As the

TOC content of the shale increases, the average pore size

decreases rapidly and then becomes stable (Figure 5).

Pore-size distribution

It can be seen from Figure 6 that the interval of shale pore

size distribution is wide. The micropores are mainly of the

FIGURE 3
Development characteristics of different types of pores in shale reservoirs. (A,B) Clay mineral-related pores, the pores are relatively developed.
Slit-shaped pores, strip-shaped interlayer pores, triangular and irregular polygonal intergranular pores and intragranular pores are developed; (C,D)
Inorganic mineral-related pores. They are mainly composed of mineral intergranular pores and irregular residual intergranular pores, and there are a
small number of intragranular dissolution pores with smaller pore size; (E,F) Organic matter-related pores (circled by yellow and white lines in
the image). The pores are mostly round bubble pores. Organic matter pores are less developed and relatively small.
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three-peak type, and the corresponding pore diameter ranges

are 0.349 0 nm, 0.500 8 nm to 0.548 0 nm, and 0.785 5 nm to

0.859 4 nm. Because the lower limit of the CO2 adsorption

tests is 0.33 nm, then, during the pressure adsorption process,

CO2 will quickly occupy the pores, and will lead to the

appearance of a peak of 0.33–0.4 nm (Kruk and Jaroniec

2001; Yuxi Yu et al., 2019), so the micropore distribution

is mainly of a multi-modal type. The mesopores are of

bimodal and unimodal types with peak pore sizes of 4 and

8 nm, respectively. The difference in pore size distribution of

different samples indicates that the TOC content and mineral

composition in shale are the main factors controlling the size

and distribution of shale pores.

Discussions

Effect of organic matter content on pore
structure

Organic matter not only affects the hydrocarbon generation

potential in shale, but also generates many pores during the

hydrocarbon generation process to provide storage space and

migration channels for shale gas. Therefore, organic matter is

one of the most important factors affecting the pore structures

of shale reservoirs. Figure 7 shows the relationship between TOC

and micropore pore volume. As the TOC content increases, the

micropore volume increases, but it is negatively correlated with the

TABLE 2 Pore structure parameters determined by CO2, N2 adsorption experiments and MICP experiments.

Sample CO2 and N2 adsorption MICP CO2 and N2 adsorption MICP Total
pore
volume
(cm3 /g)

Total
surface
area
(m2 /g)

Average
diameter
(nm)DFT

micropore
volume
(cm3/g)

BJH
mesopore
volume
(cm3/g)

Macropore
volume
(cm3/g)

BET
micropore
surface
area (m2/g)

BET
mesopore
surface
area (m2/g)

Macropore
surface area
(m2/g)

A-1 0.002 69 0.009 31 0.005 09 7.686 5.633 0.205 0.017 0 13.52 10.11

A-2 0.001 72 0.012 20 0.004 15 5.386 5.010 0.174 0.018 0 10.57 13.67

A-3 0.001 79 0.011 02 0.004 52 5.558 4.267 0.202 0.017 3 10.02 13.83

A-4 0.001 88 0.014 18 0.006 62 6.072 5.709 0.218 0.022 6 11.99 15.12

A-5 0.002 03 0.014 00 0.007 42 6.389 5.882 0.283 0.023 4 12.55 14.94

A-6 0.002 43 0.015 71 0.007 31 7.669 6.200 0.284 0.025 4 14.15 14.38

A-7 0.000 63 0.006 62 0.003 95 2.054 2.554 0.136 0.011 2 4.740 18.89

A-8 0.007 13 0.005 41 0.004 05 21.424 1.596 0.130 0.016 5 23.15 5.73

A-9 0.002 36 0.005 88 0.005 54 7.076 1.724 0.213 0.013 7 9.01 12.23

A-10 0.002 09 0.005 76 0.005 44 6.328 1.644 0.211 0.013 2 8.18 12.99

Note: Average diameter = (4 Vp/As) ×2 (Vp is total pore volume, As is total specific surface area).

FIGURE 4
Distribution of pore volume and specific surface area of pores of different sizes in shale samples.
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mesopores and macropores. In earlier studies conducted by Xiong

et al. (2017) and Ma et al. (2019), they found that the TOC content

in the marine-continental transitional shale mainly controls the

development of mesopores, and the mesopore volume increases

with the increasing TOC content. The rapid lithofacies changes,

complex lithological combinations, and strong interlayer

FIGURE 5
Relationship between TOC content and average pore diameter.

FIGURE 6
Shale pore size distribution combined with high pressure mercury intrusion, N2 adsorption and CO2 adsorption. Among them, the green dot
pore size distribution curve is the interpretation results of CO2 adsorption DFT model (<2 nm), the red dot pore size distribution curve is the
interpretation results of N2 adsorption DFT model (<10 nm), the yellow dot pore size distribution curve is the interpretation results of N2 adsorption
BJHmodel (<100 nm), and the blue point pore size distribution curve is the interpretation results of high pressure mercury intrusion Washburn
equation (>100 nm). The inset in the upper right corner of the figure is an enlarged result of a curve with an aperture greater than 4 nm. (A) Sample f2;
(B) Sample f5.
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heterogeneity of the marine-continental transitional shale can lead

to inconsistent results. The analysis found that organic matter in the

marine-continental transitional of different regions has a certain

controlling effect on the degree of micropore development

(Figure 7). According to Xi et al. (2018), maturity is the main

factor controlling shale organic pore development, while the role of

organic matter is relatively weak. The maturity controls the

hydrocarbon generation potential of organic matter. When the

organic matter enters the main hydrocarbon generation stage

(the coal-bearing stratum Ro ranges from 0.75 to 0.9), the shale

hydrocarbon generation potential is great, and the organic matter

can generate a lot of pores. With the increase of TOC content, the

decrease in total porosity is mainly due to two reasons. On the one

hand, with the increase of organic matter, the compressibility of

shale increases, and the filling of organicmatter with pores leads to a

decrease in pore volume (Xiong et al., 2017). On the other hand, the

marine-continental transitional shale is mainly Type III kerogen.

Compared with Types I and II, its macromolecular structures and

chemical properties are relatively stable, which makes it difficult to

change the structures of organic matter during pyrolysis and it is

impossible to generate pores. Moreover, this type of kerogen is

mainly gas-producing and has low hydrocarbon generation

potential, which limits the development of organic matter pores.

Organic matter pores are less developed and are mostly micropores.

Mesopores and macropores are relatively undeveloped (Yang et al.,

2016). FE-SEM observations showed that a small amount of

mesoporous organic pores are developed in the shale in the

study area (Figure 3F). The macropores are negatively correlated

with the organic matter content or the correlation is not obvious,

indicating that the marine-continental transitional shale is different

from the marine shale. Organic matter in transitional shale is not

related to the degree of macropore development. Previous studies

have also shown that the macropores of the marine-continental

transitional shales are mainly related to clay and brittle minerals

(Ma et al., 2019).

The total specific surface area in the shale has a significant

positive correlation with the TOC content, with R2 of 0.64

(Figure 8A). It shows that with the increase of the TOC content,

the specific surface area in shale increases. This is mainly because,

compared with other pores, organic matter pores are mostly porous

media with a large specific surface area during the generation and

discharge of hydrocarbons (Dang et al., 2017). The TOC content has

a significant positive correlation with the volume and specific

surface area of the micropores, indicating that organic pores are

mostly micropores (Figure 7 and Figure 8B), and the micropores

have a larger specific surface area than the mesopores and

macropores. Therefore, as the TOC content increases, the total

pore specific surface area also tends to increase. However, the

FIGURE 7
Relationship between TOC content and micropore pore volume in different marine-continental transitional shales. Notes: The blue dots are
from the shale of the Shanxi Formation in the Linxing area of the Ordos Basin. Mature-high maturity shale. The clay minerals are mainly kaolinite
(average 31%) (Yong Li et al., 2019). The red dots are from the Longtan Formation shale in Guizhou Province, which has a wide range of maturity (Ro is
distributed between 0.86 and 2.04%). The clay minerals are mainly illite/smectite mixed layer (34% on average) (Ma et al., 2019).
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relationship between the specific surface area of mesopores and

macropores and the content of TOC is not obvious. The thermal

evolution stage of organic matter has certain influence on the

development of organic pores in transitional shale. Mature to

highly mature samples have a higher degree of pore

development (Guozhang Li et al., 2019). However, the Shanxi

Formation shale in the Qinshui Basin has reached the over-

mature stage. At this time, on the one hand, the organic

hydrocarbon generation capacity is weak and there are no large

pores, and some pores are destroyed due to reduced pore pressure

(Zhang et al., 2019); on the other hand, over-mature shale leads to

light hydrocarbon generation, organic carbonization and porosity

reduction (Zhao et al., 2016).

Effect of minerals on pore structure

Due to the special structures and physical-chemical properties

of clay minerals, pores of different shapes and sizes will be formed,

and some cracks will develop. Diagenesis and sedimentary

environment are two important factors controlling the type and

combination of clay minerals. Different types of clay mineral

crystals have different pore structures (Chalmers and Bustin,

2007; Chen et al., 2016). With the increase of the clay mineral

content in the shale reservoir, the total PV shows an increasing

trend (Figure 9), the mesopore and macropore volume also shows

an increasing trend, while the micropores shows the opposite

changing trend. This indicates that the clay minerals in the

transitional shales affect the development of the total PV but

have less influence on the development of micropores. According

to Guozhang Li et al. (2019), the total clay content shows positive

correlation with the PV of mesopores. Analyzed the characteristics

of pure clay minerals and concluded that interlayer and

intercrystalline pores were developed in the I/S mixed layers.

These two types of pores are mainly medium to large pores

with pore diameters of 1–6 nm and 20–100 nm, respectively,

and the average pore diameters are 3.5 and 55 nm.

Intercrystalline pores are mainly deceloped in chlorite. These

pores are mesopores and macropores with a pore size

distribution of 20–100 nm. The above analysis shows that

different types of clay minerals develop pores of different sizes,

and they are mostly mesopores and macropores. Therefore, clay

content has a positive correlation with the PV except micropores.

With the increase of chlorite and I/S content in the shale

reservoir, the mesopore volume increases significantly

(Figure 10), but the content of kaolinite has a negative

correlation with the mesopore volume. There was no

significant correlation between the illite content and the

mesopore pore volume. This indicates that chlorite and I/S

contents are the main contributors to the mesopores. Research

by Yang et al. (2016) suggested that I/S and illite in the

transitional shale mainly affect the pore structures of the

reservoir, while kaolinite and chlorite have a negative

correlation with PV. Yong Li et al. (2019) believed that

chlorite in clay minerals is the main factor affecting the pore

structures of the transitional shales. It is obvious that different

scholars have obtained inconsistent results when studying the

effect of clay minerals on pore structures in transitional shales.

Generally, compaction and different diagenetic evolution are the

main factors that cause differences in shale claymineral types and

contents (Fu et al., 2015). Clay minerals are gradually

transformed into relatively stable types, which changes the

FIGURE 8
Relationship between TOC and pore specific surface area of marine-continental transitional shales in different regions. (A) Total pore; (B)
Micropore.
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molecular structures between layers, and the clay pores will

change accordingly affected by the diagenetic evolutions.

However, the research of different scholars does not deny the

contribution of intercrystalline pores to the shale reservoir pores

during different diagenetic stages (Chen et al., 2016). These

studies suggested that the negative correlation between clay

mineral types and PV was caused by the negative correlation

between different clay minerals.

Brittle minerals in inorganic minerals such as quartz, feldspar,

pyrite, and carbonate rocks are other factors that affect pore

development in shale. The brittle mineral pores are greatly

affected by the diagenesis during the sedimentation and burial.

For example, compaction, pressure dissolution, cementation, and

dissolution, all can cause the change of the development of theses

pores. Figure 11 shows a weakly negative correlation between brittle

minerals and the total pore volume. With the increase of brittle

FIGURE 9
Correlation between total clay mineral content and pore volume in the marine-continental transitional shale in different regions.

FIGURE 10
Correlation between clay minerals and mesopore volume in different marine-continental transitional shales. (A) Relationship between chlorite
content and mesopore volume; (B) Relationship between I/S mixed layer content and mesopore volume.
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mineral content, the total pore volume in the shale decreased

slightly. This is mainly because the shale is very dense, and the

acidic or alkaline fluids in the shale cannot dissolve quartz, feldspar

and carbonate minerals, thus the dissolution pores are not

developed. At the same time, secondary enlargement of quartz

will also occupy pore spaces, thus leading to a decrease in the

number of pores in shale (Kong et al., 2016).

Implications for favorable area prediction
of transitional shale gas

Organic matter characteristics andmineral composition are two

important parameters in the exploration and evaluation of shale gas

reservoir sweet spots. The content of TOC in shale controls the

degree of micropore development. Moreover, due to the hydrophilic

nature of organic matter and strong intermolecular forces in

micropores (Liang et al., 2016), TOC is also an important factor

influencing methane adsorption capacity of shale reservoirs. The

micropores contribute more to the specific surface area of shale.

High TOC content increases the proportion of micropores and

specific surface area in shale and can lead to the increase of the

amount of shale gas adsorption. At the same time, TOC also

provides a favorable location for shale gas storage. The

composition of clay minerals is also an important factor that

cannot be ignored. Different clay mineral contents and types

have a greater impact on the pore structures of shale reservoir.

High clay mineral contents provide more mesopores and

macropores, and the total pore volume increases as well. When

the organic matter content is low, mesopores in shales with high I/S

and chlorite contents in clay minerals develop, which provides a

favorable location for shale gas migration and accumulation.

Therefore, the TOC content and the type and content of clay

minerals are two important factors in the prediction and

evaluation of sweet spots in the Upper Paleozoic clay-rich

marine-continental transitional shale of the Ordos Basin.

Conclusion

• The pores in the marine-continental transitional shale in

the Shanxi Formation, Ordos Basin are mostly slit-type and

plate-type inorganic pores. Affected by the type of organic

matter, organic matter has fewer pores and is mainly

microporous, followed by a small number of mesopores.

These pores are mostly bubble-like pores. Organic matter

pores are the main contributors to specific surface area,

with an average of 61.05%. With the increase of TOC

content, the micropore volume and specific surface ratio

in the reservoir increased significantly.

• For the marine-continental transitional clay-rich shale, clay

mineral pores are the main pore types in inorganic pores,

including clay interlayer pores, clay mineral intergranular

pores, and inter-crystalline pores. With the increase of total

clay content, the volume of total pores, mesopores and

macropores in shale increased significantly. Chlorite and

FIGURE 11
Correlation between brittle minerals and total pore volume in shale. Notes: Brittle minerals include quartz, feldspar, calcite, pyrite, and siderite.
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I/S content have a greater impact on the pore development

of clay minerals, followed by kaolinite and illite. Due to the

special characteristics of shale and complex compaction

and cementation, brittle mineral pores do not develop.

• Both TOC and clay minerals significantly affect the pore

structure and methane adsorption capacity of marine-

continental transitional clay-rich shale. Under the

conditions of high TOC content, high I/S and chlorite

content, micropores and mesopores in shale are

relatively developed, and the reservoir pore space and

adsorption capacity are large, which provide favorable

conditions for shale gas accumulation (Li, 2021; Li, 2022).
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