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In this study, the microscopic pore characteristics of shale in marine strata are

evaluated. Based on field emission scanning electron microscopy (FE-SEM),

low-temperature N2 adsorption (LT-N2GA), low-pressure CO2 adsorption (LP-

CO2GA) and high-pressure methane adsorption (HPMA) experiments, the pore

characteristics of 12 shales from theWufeng–Longmaxi Formations in northern

Yunnan and Guizhou are characterized qualitatively and quantitatively. Fractal

Frenkel–Halsey–Hill (FHH) theory is used to analyse the fractal characteristics,

and the adsorption pore characteristics of shale are discussed. The correlation

between the fractal dimension and pore structure and adsorption performance

is determined. The results show that the total organic carbon (TOC) contents of

the 12 shales are in the middle–low level, ranging from 0.43% to 5.42%, and the

shales are generally in the highly mature to overmaturity stage (vitrinite

reflectance (Ro) values between 1.80% and 2.51%). The mineral composition

is mainly quartz and clay minerals. The average clay mineral content is 40.98%

(ranging from 24.7% to 63.3%), and the average quartz content is 29.03%

(ranging from 16.8% to 39.6%), which are consistent with those of marine

shale in the Sichuan Basin. FE-SEM and LT-N2GA isotherms reveal a complex

shale pore structure and open pore style, mainly ink bottle-shaped and parallel

plate-like pores. The total pore volumes (PVs) range from 0.012–0.052 cm3/g,

and the specific surface area (SSA) values range from 18.112–38.466 m2/g. All

shale samples have abundant micropores andmesopores, accounting for >90%
of the total SSA. The fractal dimensions, D1 and D2, were obtained from N2

adsorption data, with different adsorption characteristics at 0–0.5 and

0.5–1.0 relative pressures. The fractal dimensions increase with increasing

BJH PV and BET SSA and decrease with decreasing average pore diameter

(APD). The fractal dimensions are positively correlated with the TOC and clay

mineral contents and negatively correlated with the quartz content. The fractal

dimension can be used to evaluate the methane adsorption capacity; the larger

the fractal dimension is, the larger the methane adsorption capacity is. Fractal

analysis is helpful to better understand the pore structure and adsorption

capacity of shale gas reservoirs.
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1 Introduction

As China’s energy structure continues to develop towards

cleaner energy, the demand for natural gas is growing rapidly,

and China’s dependence on foreign natural gas continues to

increase. Industrial breakthroughs have been made in marine

shale represented by Jiaoshiba, Weiyuan, Changning-

Zhaotong and other areas in the Sichuan Basin, and the

annual output of shale gas in 2020 exceeded 20 billion

metric cubic metres (Zou et al., 2015, Zou et al., 2018; Guo,

2013; Li X. et al., 2022). In recent years, domestic conventional

gas has had few new high-quality large-scale reserves, and new

production is far from meeting consumer demand. The shale

gas revolution in the United States has basically resulted in

energy independence in the United States and provided

experience for the development of shale gas in China (Zou

et al., 2013; Jiao et al., 2021; Li X. et al., 2022). There are three

types of organic-rich shales in China, namely, marine facies,

marine-to-continental transitional facies, and terrestrial coal

measure and lacustrine facies, which are rich in shale gas

resources (Yang et al., 2014; Nie et al., 2015; Wang et al., 2015;

Ji et al., 2016; Peng et al., 2019; Xi et al., 2019). Many scholars

believe that China’s future increase in natural gas production

will mainly come from shale gas (Zou et al., 2018; Li J. et al.,

2022).

Shale, as a highly heterogeneous porous medium, has been

widely studied for its complex pore structure (Sing, 2001; Curtis,

2002; Zou et al., 2013). Pores can be divided into micro, meso-

and macropores based on their sizes (reference of IUPAC). The

research targets of the shale pore structure mainly include the

pore size, shape, SSA, PV and connectivity of shale, which are

closely related to the enrichment of shale gas (Tian et al., 2013;

Yang et al., 2014; Li H. et al., 2019; Vishal et al., 2019; Wang et al.,

2019). There are various methods for characterizing the pore

structure characteristics of shale (Chalmers et al., 2012; Jiao et al.,

2014). Microobservation techniques, such as scanning electron

microscopy and atomic force microscopy, are used to identify

and analyse pores in coal by visualizing the shape, size and

distribution of pores (Loucks et al., 2009; Jiao et al., 2014; Ji et al.,

2016; Chandra et al., 2020a). Nondestructive testing of CT

scanning and dual ion beam (FIB-SEM) combined with

energy dispersive spectroscopy (EDS) can yield three-

dimensional distribution images of shale pores and mineral

components and then carry out qualitative observations and

descriptions of the shale pore origin, connectivity and pore

density (Chalmers et al., 2012; Li et al., 2017; Zhou et al.,

2017; Chandra and Vishal, 2020b; Sun et al., 2020; Li H.

et al., 2022). The PSD, SSA, PV and pore structure of shale

were quantitatively characterized by mercury injection and gas

adsorption (Chalmers et al., 2012; 2013; Chen et al., 2017; Lia

et al., 2018;Wang et al., 2019; Han et al., 2020). Among them, LT-

N2GA and LP-CO2GA are the most effective methods to

characterize the pore structure. Since LT-N2GA cannot

measure pores smaller than 2 nm, and the measurement

accuracy of LT-N2GA in the range of 2–300 nm is the

highest, the combination of LP-CO2GA and LT-N2GA

experiments is an effective method for the characterization of

micropore, mesopore and macropore scales (Hu et al., 2016; Ji

et al., 2016; Peng et al., 2019; Chandra et al., 2020c; Li X. et al.,

2022; Zhang et al., 2022). The experimental data of LT-N2GA and

LP-CO2GA can also be used to calculate the fractal dimension of

pores in coal and shale. In recent years, the fractal dimension

based on LT-N2GA data has become a popular method to

evaluate the pore structure and surface irregularity in shale

and coal (Mastalerz et al., 2012; Chen et al., 2017; Vishal

et al., 2019; Li J. et al., 2022). The fractal characteristics of

marine shale in the Sichuan Basin and marine-to-continental

transitional shale in the Ordos Basin and their influence on the

pore structure and CH4 adsorption capacity are discussed (Tian

et al., 2013; Nie et al., 2015; Jiang et al., 2016; Li Y. et al., 2019;

Peng et al., 2019; Wang et al., 2019). At present, few studies have

focused on the fractal characteristics of marine shale pores in

northern Yunnan and Guizhou.

As a transition region from the Sichuan Basin to the middle

Guizhou uplift, the northern Yunnan–Guizhou region has

experienced multiple periods of tectonic movement uplift and

denudation (Zhao et al., 2017; Li H. et al., 2019; Liang et al.,

2020). Compared with the basin, the sedimentary water of the

Wufeng–Longmaxi Formation is shallower, the target shale gas

interval is thinner, and the geological conditions are more

complex (Zhu et al., 2018; Liang et al., 2020; Li J. et al., 2022).

Previous studies have shown that the marine shale gas of the

Wufeng–Longmaxi Formations in the northern

Yunnan–Guizhou area has good development potential (Zhao

et al., 2017; Zhu et al., 2018; Liang et al., 2020). In this paper, the

Wufeng Formation and Longmaxi Formation shales, which have

the most exploration potential in northern Yunnan and Guizhou,

were taken as the main research objects. Based on FE-SEM, LT-

N2GA and LP-CO2GA experiments, the pore structure of the

Wufeng–Longmaxi Formation shale in northern Yunnan and

Guizhou was analysed, and the fractal dimension of shale

adsorption pores was calculated by the FHH model combined

with HPMA experiments, X-ray diffraction (XRD) and related

geochemical experiments. The relationship between the TOC,

mineral composition, pore structure parameters and fractal

dimension was discussed to provide research methods and

evaluation bases for gas-bearing shale reservoir capacity and

exploration evaluation in northern Yunnan and Guizhou and

to make positive contributions to improving shale gas

exploration and development.

Frontiers in Earth Science frontiersin.org02

Wang et al. 10.3389/feart.2022.998958

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.998958


2 Geological setting

The northern Yunnan–Guizhou provinces are located at the

intersection of Yunnan, Guizhou and Sichuan Provinces (Liang

et al., 2020). The research area is located at the junction of Yunnan,

Guizhou and Sichuan Provinces. The main body is located in the

central and western regions of the Weixin sag in the northern

Yunnan-Guizhou depression on the southwest edge of the Yangtze

block tectonic domain, adjacent to the Sichuan Basin in the north,

the central Guizhou Uplift in the south, and the northeast Guizhou

Depression in the west (Figure 1). The Weixin sag can be further

divided into several secondary structural units, and the internal

structural strike lines are distributed along the NE-SW and E-W

directions. The study area is a typical trough fold belt with a wide

and gentle anticline and closed syncline, with strong tectonic

extrusion, high uplift and strong stratum deformation (Zhao

et al., 2017; Zhu et al., 2018; Liang et al., 2020).

The northern Yunnan–Guizhou region experienced the

tectonic and sedimentary evolution of the southern continental

margin of the Yangtze shelf from the late Proterozoic to the early

Paleozoic, the rift epicontinental sea from the late Paleozoic to the

Middle Triassic, and the foreland basin in the Mesozoic (Liang

et al., 2020). The two sedimentary assemblages include the marine

Sinian–Middle Triassic and continental Upper Triassic–Lower

Cretaceous complete strata, which have large stratigraphic

thicknesses and wide distributions. The Lower Cambrian,

Silurian and Upper Triassic–Jurassic strata are clastic rocks,

and the other strata are mainly carbonate rocks. Various layers

on the surface are exposed to different degrees, and most of the

Lower Paleozoic are buried in the belly of the earth. Influenced by

central Guizhou uplift, shale gas target interval fivemountains–the

dragon stream group deposit in the south of the study area is

missing, the rest of the continuous distribution, for a closed set of

deposits were stranded anoxic still water environment, the main

lithology is black siliceous mudstone, carbonaceous mudstone,

rich in petrochemical stone, upwards gradient for grey black–grey

silty mudstone, argillaceous siltstone marl, calcium Shale is thick

and thickens gradually from south to north.

3 Samples and methods

3.1 Shale samples

In this study, 12 shale samples of the Wufeng–Longmaxi

Formations in northern Yunnan and Guizhou were collected. To

FIGURE 1
Structural map and stratigraphic column of the study area.
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systematically analyse the micropore structural characteristics

and factors influencing the Wufeng–Longmaxi Formation shale,

a relatively complete experimental scheme was carried out,

including the determination of the TOC content and vitrinite

reflectance (Ro), XRD analysis, FE-SEM, LT-N2GA, LP-CO2GA

and HPMA experiments.

3.2 Organic petrography and mineralogy

The TOC content analysis used a LECO CS-230 carbon

and sulfur analyser to measure the TOC contents of

12 samples. The samples were crushed into powders with

particle sizes larger than 200 mesh and treated with dilute

hydrochloric acid to remove carbonate. The standard GB/

T19145-2003 was followed. Vitrinite reflectivity is the most

commonly used optical method and is achieved by

microscopic examination of kerogen and photomultiplier

analysis of particle reflectivity (Petersen et al., 2013),

according to the standard SY/T 5124-2012. XRD

quantitative analysis was performed using a Bruker X-ray

diffractometer to determine the whole-rock and clay

mineral compositions of the 12 samples. Shale samples

were crushed into powder with a particle size of 150 mm

(Whittig, 1965). The mineral composition and relative

mineral percentage of shale samples were estimated

according to the standard SY/T 5163-2018.

3.3 Gas adsorption measurements

The LT-N2GA and LP-CO2GA experiments were

conducted by using a Quantachrome Autosorb-IQ specific

surface area and micropore analyser, according to the

standards GB/T 21650.3-2011 and GB/T 21650.2-2008. The

shale samples were screened to the same size of 60–80 mesh

(0.18–0.25 mm). Before the LT-N2GA experiment, to remove

the residual adsorbed water and volatile substances in the

shale samples, all samples were dried in a vacuum oven at

105°C for 8 h, and the LT-N2GA experiment was carried out at

77 K. N2 was more than 99.999% pure. The BET (Brunauer

et al., 1938; Barrett et al., 1951) method was used to obtain the

SSA, and the BJH model was used to calculate the PV and pore

size distribution (PSD). The LP-CO2GA experiment was

carried out at 273 K under different partial pressures. A

more suitable DFT model was used to calculate the volume

and pore size distribution of micropores.

3.4 FE-sem observation

The FE-SEM experiment was carried out by using a

Gatan 697 Ilion ⅱ polishing instrument and a Zeiss

SIGMA scanning electron microscope (Chalmers et al.,

2012). The samples were polished by an argon ion

polishing instrument, and then a gold film of

approximately 10 nm was coated on the surfaces of the

samples. After preparation, the microscopic pore

morphology and structural characteristics of the samples

were observed by a Zeiss SIGMA scanning electron

microscope (Jiao et al., 2019; Yin et al., 2019).

3.5 HMIP experiment

The HPMA experiment was carried out by a Gravimetric

Isotherm Rig 3 adsorption instrument. The experimental

standard and test method were based on the standard GB/T

1956–2008. The shale samples were screened to the same sizes of

60–80 mesh, and the samples were weighed to approximately

80–120 g. The methane adsorption isotherms of water

equilibrium samples were measured at 50°C and 20 MPa

under constant pressure.

3.6 Fractal method

The methods for calculating the fractal dimension based

on LT-N2GA data include the thermodynamic method, fractal

Langmuir model, fractal BET model and fractal FHH model

(Li Y. et al., 2019). Among them, the FHH model is proven to

be more concise, effective and reliable and is widely used to

analyse the surface roughness and spatial structure of porous

media (Wang et al., 2015; Li Y. et al., 2019; Li H. et al., 2022).

The FHH calculation formula based on LT-N2GA data is as

follows:

ln( V

Vm
) � C + A[ln(ln(P0

P
))] (1)

where V is the volume of gas molecules adsorbed at equilibrium

pressure p, in cm3/g; Vm is the volume of gas adsorbed by the

monolayer, in cm3/g; C is a constant; p0 is the saturated vapour

pressure of gas adsorption, in MPa; and A is the coefficient

related to the fractal dimension (D). By calculating the

logarithmic slope (lnVand ln(ln(p0/p))) of the adsorption

volume and the reciprocal of the relative pressure, the value A

can be obtained, and the D of shale adsorption pores can be

calculated by the value A:

D � A + 3 (2)

where D is the fractal dimension and the D value is between 2 and

3. When the value is 2, it represents a completely smooth surface

and highly homogeneous pore structure. When the value is 3, it

indicates an extremely rough pore surface and an extremely

complex pore structure (Li Y. et al., 2019; Shi et al., 2022).
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4 Results

4.1 TOC, Ro and mineral constituents

The TOC contents of the 12 shale samples range from 0.43%

to 5.42% (Table 1). The Ro values of shale samples range from

1.80% to 2.51%, indicating that the organic matter of samples is

in the late maturity to early overmaturity stage. XRD analyses of

all shale samples are shown in Table 1, showing a wide range of

mineral compositions. The main minerals are quartz and clay

minerals, and the quartz contents are 24.70%–63.30%. The clay

mineral contents range from 16.79% to 39.62%. The shale is

similar to the marine shale in the Sichuan Basin and has a much

lower clay mineral content than the shale in the transitional zone

of the Ordos Basin (Tian et al., 2013; Li et al., 2018; Yang et al.,

2014; Li Y. et al., 2019; Peng et al., 2019; He et al., 2021). The clay

minerals are mainly illite, an I/S mixed layer, chlorite, and a small

amount of kaolinite. The feldspar (potassium feldspar and

plagioclase) contents range from 2.29% to 16.80%. The

average carbonate mineral content (calcite and dolomite) is

21.16%, ranging from 8.80% to 35.78%. The pyrite content in

shale samples is low, with a mean of 1.28%. Pyrite was detected in

all shale samples, indicating a reducing environment (Tian et al.,

2015; Li Y. et al., 2019).

4.2 Pore morphology characteristics

According to a previous study by Loucks et al. (2012) the

microscopic pores of shale can be divided into four types:

intraparticle (intraP) pores, interparticle (interP) pores,

microcracks and organic matter (OM) pores. After a

detailed petrographic and FE-SEM study of the 12 samples.

Typical shale samples with a TOC content of 0.58% (Figure 2)

and a TOC content of 5.05% (Figure 3) were selected. Shale

samples with low organic matter content mainly developed

angular grain pores of brittle minerals (Figure 2B). Although

OM pores are also present in the OM, OM pores do not occupy

the majority due to the low TOC content. In addition to

angular grain pores, irregular OM pores with dense and small

pore sizes are generally developed in migrating OM

(Figure 2B). Polygonal pyrite in the shale sample is

developed, gathered and symbiotic with OM, forming a

large amount of complex organic matter-pyrite. The

internal development mould hole in pyrite may fall off, and

pyrite particles may form, which is the symbiosis with organic

matter in the development of a large number of OM pores

(Figure 2A). Many previous studies have shown that pyrite

pores with organic matter play a role in promoting the

formation of pyrite pores (Chalmers et al., 2012; Jiao et al.,

2014). Late diagenesis makes it easy to formmicrocracks at the

edges of mineral grains (Figure 2C). Shale samples with high

TOC contents mainly develop OM pores (Figures 3A–C), and

pores in OM are generally more developed than those in clay

minerals (Figure 3C). OM pores are irregular, pit-like, nearly

spherical, elliptical, honeycomb-shaped and other shapes and

are not evenly distributed, showing local enrichment in OM

(Figure 3). In addition, strawberry pyrite is prevalent in shale

and forms organic–pyrite complexes with OM (Figure 3C),

and the pores of OM are abundant (Jiao et al., 2021). The edge

fractures of brittle minerals are common. The edge fractures of

brittle minerals may be formed by the extension of the length

caused by the mutual connection of slat-like intergranular

pores, and the cutting fractures that cut through the whole

TABLE 1 Geochemical characteristics and mineral composition of shale samples.

Samples Formation Depth
(m)

TOC
(%)

Ro

(%)
Relative content (%)

Qu TC P F Pl Ca Do Py An I/S It Kao Ch

Sample 1 Long-maxi Fm 1597.65 0.43 1.95 45.31 20.21 4.21 12.59 7.58 8.48 1.00 0.62 5.05 12.33 0 2.83

Sample 2 Long-maxi Fm 1604.96 0.58 1.87 63.30 20.78 1.72 3.89 3.50 4.57 1.60 0.64 6.65 12.26 0 1.87

Sample 3 Long-maxi Fm 1611.59 0.49 2.07 51.44 16.79 0.73 1.58 16.90 10.01 2.10 0.45 1.68 12.09 0 3.02

Sample 4 Long-maxi Fm 1614.29 0.54 2.12 38.51 32.72 1.94 6.41 11.90 5.58 1.80 1.14 8.18 19.96 0 4.58

Sample 5 Long-maxi Fm 1622.60 1.03 2.43 44.05 28.22 1.23 2.74 14.00 5.61 3.51 0.64 8.18 18.63 0 1.41

Sample 6 Long-maxi Fm 1624.58 0.57 1.80 60.00 22.51 2.34 3.33 3.40 6.49 1.60 0.33 5.40 14.18 1.13 1.80

Sample 7 Long-maxi Fm 1632.77 3.60 2.34 31.17 38.02 0.00 2.29 20.90 6.47 0.42 0.73 7.60 23.95 0 6.46

Sample 8 Long-maxi Fm 1636.11 3.30 2.02 41.80 33.60 1.22 3.42 8.90 8.82 1.60 0.64 7.39 24.53 0 1.68

Sample 9 Long-maxi Fm 1640.71 5.05 2.43 26.85 38.04 0.00 2.91 21.60 9.27 0.30 1.03 5.33 24.73 0 7.99

Sample10 Long-maxi Fm 1643.07 5.42 2.47 24.70 30.57 0.49 2.52 31.50 8.30 0.49 1.43 4.28 21.70 0 4.59

Sample11 Wu-feng Fm 1645.50 4.45 2.51 28.59 39.62 0.00 2.41 24.30 4.56 0.52 0.00 7.92 26.15 0 5.55

Sample12 Wu-feng Fm 1651.24 3.59 2.45 35.56 27.36 1.28 2.10 15.72 16.66 0.38 0.94 6.02 18.60 0 2.74

Ro is the vitrinite reflectance; Qu, Pl, Si, Ca, Do, Py, An and TC are the quartz, plagioclase, siderite, calcite, dolomite, pyrite, Anatase, and total clays, respectively; I, I/S, Kao, and Ch are the

illite, illite-smectite, kaolinite, and chlorite, respectively.
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FIGURE 2
FE-SEM images of a shale from the Longmaxi Formation (TOC =0.58%, sample 2) [(A)mould pores and organic pores between pyrite particles;
(B) irregular organic pores; (C) microcracks with different openings; (D) angular granular endopore].

FIGURE 3
FE-SEM images of a shale from the Longmaxi Formation (TOC =5.05%, Sample 9) [(A) organic shrinkage cracks and organic pores; (B) organic-
clay mineral complexes and organic pores; (C) organic–pyrite complex and organic pores; (D) mineral grain edge seams and microcracks that cut
through minerals].
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mineral particles are visible in some minerals (Nie et al., 2015;

Li et al., 2017).

4.3 Quantitative analyses of the pore
structure

4.3.1 LT-N2GA
The adsorption and desorption isotherms of shale samples

were obtained by LT-N2GA experiments, and the morphologies

of adsorption and desorption isotherms can better characterize

the pore structure characteristics of shale (Liu et al., 2015; Hu

et al., 2016; Li Y. et al., 2019; Vishal et al., 2019). According to the

IUPAC, the isotherms of gas are divided into six basic types, and

the isotherms of 12 samples all have typical Type IV isotherms,

while the shapes of adsorption isotherms of each sample are

slightly different, which is mainly related to the strong

heterogeneity of shale (Hu et al., 2016; Peng et al., 2019).

According to the shape of the LT-N2GA isotherm under

different pressures, the adsorption isotherm curve can be

divided into three sections. At low relative pressure (p/

p0=0–0.1), the adsorption curve rises rapidly, and nitrogen

molecules adsorb in a single layer onto the pore surface and

fill in the micropores. With increasing relative pressure, under

relative pressures of p/p0=0.1–0.8, the adsorption curve is

smooth and gradually increases. Nitrogen molecules have

FIGURE 4
N2 adsorption–desorption isotherms of shale samples.
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multilayered adsorption in mesopores and macropores, and the

more mesopores that have developed, the smoother and more

stable the rise is in this stage. With a further increase in pressure,

when the relative pressure (p/p0) is in the range of 0.8–1.0, the

adsorption amount of N2 increases sharply. Nitrogen molecules

fill the macropores, multilayer adsorption occurs, and capillary

agglomeration occurs in the macropores (Li Y. et al., 2019; Li H.

et al., 2022).

The IUPAC divides the hysteresis loop into four

characteristic types. Shale samples can be divided into H3 and

H4 types (Figure 4). The adsorption branch of the H3 hysteresis

ring rises slowly with increasing relative pressure in the middle-

and low-pressure sections and then rises suddenly and rapidly in

the high-pressure section. The desorption branch drops rapidly

in the high-pressure section and then slows down and coincides

with the adsorption branch, representing parallel plate-like pores.

Samples one to six hysteresis loops are the H3 type, indicating

that parallel plate-like or slate-like pores play a dominant role in

the formation. The shape of the hysteresis loops of samples

7–12 is the H4 type, indicating that the pores are dominated by

the slit type, and the openness of parallel plate-like pores and slit

pores is good, which is conducive to shale gas seepage (Li Y. et al.,

2019; Li H. et al., 2022). In addition, the lag loop width of shale

samples with high TOC contents is larger than that of shale

samples with low TOC contents, indicating that organic matter

content has a certain promoting effect on shale pore volume

development. The pore structure system of shale may be more

complex, which was confirmed by the previous FE-SEM

experiment.

The results of LT-N2GA analysis are shown in Table 2,

indicating that pore structure parameters (BET SSA, BJH PV,

and APD) show a wide range of variation. The BET SSA values

calculated based on LT-N2GA data range from

9.667–28.210 m2/g (mean 18.536 m2/g). The LT-N2GA data-

calculated BJH PV values are 0.017–0.029 cm3/g (mean

0.022 cm3/g), and the APD values are 4.644–7.158 nm. The

PSD curves of the 12 shale samples are shown in Figure 5. The

pore sizes of shale samples range from 2.0 nm to 300 nm.

Among them, Sample 1, Sample 3, Sample 7 and Sample

8 are unimodal, and the main peak is approximately 2–4 nm.

Other samples showed bimodal characteristics, with the main

peak at approximately 2–4 nm and the other peak at

approximately 20–60 nm. The BET SSA and BJH PV of

shale samples are close to those of marine shale in the

Sichuan Basin; however, they are significantly higher than

those of transitional shale in the Ordos Basin (Tian et al.,

2013; Li et al., 2018; Yang et al., 2014; Li Y. et al., 2019; Peng

et al., 2019; He et al., 2021). The microscopic pore structure of

shale reflects that there are a large number of nanoscale pores in

shale, and the shale has a large BET SSA and BJH PV, which can

provide abundant storage space for hydrocarbon gas.

4.3.2 LP-CO2GA
Due to the strong energy and fast equilibrium of CO2

molecules in high-temperature analysis (273 K), CO2

molecules can enter smaller pores, especially those with

diameters <2 nm, providing most of the storage space for

the absorbed gas (Chen et al., 2017; Li Y. et al., 2019). The LP-

CO2GA isotherms of 12 shale samples are shown in

Figure 6A. According to the IUPAC classification, these

isotherms have the characteristics of type I isotherms. The

adsorbed CO2 of sample 10 is the highest, reaching 2.58 cm3/

g, indicating that the sample contains more micropores.

Sample 1 adsorbs the least amount of CO2, only 1.00 cm3/

g, indicating that relatively few micropores are present in the

sample.

TABLE 2 Pore structural parameters of all samples.

Samples Strata LT-N2GA LT-CO2GA

SBET (m2/g) VBJH (cm3/g) DN (nm) SDFT (m2/g) VDFT (cm3/g) DCO2 (nm)

Sample1 Long-maxi Fm 13.84 0.019 5.80 10.06 0.003 0.35

Sample2 Long-maxi Fm 12.28 0.019 6.42 14.35 0.004 0.35

Sample3 Long-maxi Fm 12.48 0.018 5.79 11.97 0.004 0.35

Sample4 Long-maxi Fm 13.65 0.021 6.63 14.10 0.004 0.35

Sample5 Long-maxi Fm 12.84 0.018 7.16 12.78 0.004 0.35

Sample6 Long-maxi Fm 9.67 0.017 7.16 12.87 0.004 0.35

Sample7 Long-maxi Fm 24.39 0.025 4.85 24.54 0.007 0.35

Sample8 Long-maxi Fm 21.46 0.023 4.79 20.76 0.006 0.35

Sample9 Long-maxi Fm 26.86 0.028 4.64 25.49 0.008 0.35

Sample10 Long-maxi Fm 28.21 0.029 4.74 26.53 0.008 0.35

Sample11 Wu-feng Fm 25.39 0.026 4.79 23.17 0.007 0.35

Sample12 Wu-feng Fm 21.36 0.025 5.32 19.89 0.006 0.35
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Table 2 shows the pore parameters of all samples calculated

by the NLDFTmethod. The SSA values of micropores range from

10.061 m2/g to 26.526 m2/g (mean 18.043 m2/g). The volumes of

micropores obtained by CO2 adsorption isotherms range from

0.003 to 0.008 cm3/g (mean 0.005 cm3/g). The average pore

diameter (ADP) width of all samples is 0.349 nm. Based on

the distribution characteristics of the pore size of CO2 isothermal

adsorption (Figure 6B), the micropore development of the

sample generally presents a multipeak type, with main peaks

of 0.3–0.4 nm, 0.4–0.7 nm, and 0.7–0.9 nm, indicating a wide

distribution range of micropores in shale samples. In the range of

0.3–0.9 nm, the pore diameters corresponding to the main peaks

are 0.35 nm, 0.5 nm and 0.8 nm.

LT-N2GA is the low-temperature N2 adsorption; LT-CO2GA

is the low-pressure CO2 adsorption; SBET is the BET specific

surface area, m2/g; VBJH is the BJH pore volume, cm3/g; DN is the

average pore width by LT-N2GA, nm; SDFT is the DFT specific

surface area, m2/g; VDFT is the DFT pore volume, cm3/g; DCO2 is

the average pore width by LT-CO2GA, nm.

4.4 Pore fractal characteristics

The D is widely used to characterize the surface roughness

and spatial structure complexity of porous media (Yang et al.,

2014; Li et al., 2018; Peng et al., 2019). D is a quantitative index

FIGURE 5
Pore size distributions obtained from LT-N2GA isotherms.
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used to characterize the roughness or complexity of a solid

surface. D varies from 2 to 3, and the closer it is to 3, the

rougher the pore surface and the more complex the pore

structure (Tian et al., 2013; Hu et al., 2016). As D increases,

the pore structure of the materials changes from regular pores to

complex pores. D can be applied to the complexity of the pore

structure of shale and coal rock (Wang et al., 2015; Li Y. et al.,

2019; Peng et al., 2019). Table 3 lists the D of shale samples from

different regions.

D were calculated on the basis of LT-N2GA isotherm

data and the fractal FHH model. Figure 7 shows the FHH

curves of ln (v) and ln (ln (p0/p)) of N2 adsorption

samples at low temperature. In the two intervals where

the relative pressure (p/p0) is 0–0.5 and 0.5–1, there exist

two fitting line segments with obviously different slopes

due to different adsorption mechanisms. The fitting line

segments of these two segments have a good linear fitting

degree. This result indicates that the shale pore structure

FIGURE 6
(A) CO2 adsorption isotherms of shale samples and (B) pore size distributions obtained from LP-CO2GA.

TABLE 3 Comparisons of the fractal dimensions of shale samples in different areas.

Site Formation Facies Method Dimensions Source

p/p0=0–0.5 p/p0=0.5–1

Malong block of eastern Yunnan Province Qiongzhusi marine FHH 2.52–2.63 2.73–2.86 Li et al. (2016)

Songliao Basin Qingshankou lacustrine FHH 2.51–2.89 2.10–2.73 Wang et al. (2015)

Southeast of Chongqing Niutitang marine FHH 2.65–2.83 2.53–2.64 Sun et al. (2016)

Middle Yangtze Platform Niutitang marine FHH 2.64–2.67 2.53–2.57 Zhou et al. (2016)

Upper Yangtze Platform Longmaxi marine FHH 2.35–2.47 2.58–2.75 Ji et al. (2016)

Sichuan Basin Longmaxi marine FHH 2.71–2.87 2.78–2.95 Li et al., 2018

Southwestern Guizhou Longtan marine-continental transitional FHH 2.56–2.69 2.73–2.92 Ma et al. (2019)

East margin of the Ordos Basin Shanxi marine-continental transitional FHH 2.58–2.63 2.75–2.81 Li et al. (2019a)

Taiyuan FHH 2.47–2.66 2.75–2.90

Benxi FHH 2.34–2.65 2.71–2.89

Songliao Basin Qingshankou lacustrine FHH 2.02–2.57 2.56–2.84 Han et al. (2020)

Jingmen exploration area Wufeng-Longmaxi marine FHH 2.61–2.72 2.60–2.81 Li et al. (2022b)

FHH, is Frenkel–Halsey–Hill.
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has different fractal characteristics in different relative

pressure ranges. The linear fitting slope, correlation

coefficient (R2) and D of all samples are shown in

Table 3. R2 is greater than 0.91, D1 values range from

2.503 to 2.628 (mean 2.559), and D2 values range from

2.741 to 2.840 (mean 2.796). D1 and D2 of all shale

samples are far from 2 and close to 3, indicating that

the pore surface and pore structure of shale are

heterogeneous. These results are coincident with the

fractal results for transitional shales investigated by Ma

et al. (2019) and Li Y. et al. (2019) and disagree with the

fractal results for lacustrine shales investigated by Wang

et al. (2015) and Han et al. (2020).

4.5 Methane adsorption characteristics

The methane gas adsorption capacity is the most important

factor for evaluating shale reservoir characteristics and is a key index

for shale gas resource development (Chalmers and Bustin, 2007;

Guo, 2013; Wang et al., 2016; Chen et al., 2017). Figure 8A shows

significant differences in the Langmuir volume (VL) of shale. TheVL

of shale samples ranges from 1.16 to 3.81 m3/t (mean 2.28 m3/t). The

VL values of samples 10 and four are 3.81 and 1.16 m3/t, respectively,

corresponding to TOC contents of 5.42% and 0.54%, respectively.

The VL of shale tends to increase with increasing TOC content

(Figure 8B), and the correlation coefficient is as high as 0.52,

indicating that organic carbon content is the main factor

affecting the development of nanoscale pores in shale (Wang

et al., 2016; Sun and Guo, 2018; Zhang et al., 2022). With the

increase in TOC content, the VL of shale also increases, which is

consistent with previous research results (Sun et al., 2016; Chen et al.,

2017; Sun and Guo, 2018). The reason may be that the increase in

shale thermal evolution causes kerogen to generate hydrocarbons

and formmore organic pores. In addition, OM pores have a greater

internal pore SSA than other types of pores (Chen et al., 2017; Sun

and Guo, 2018). As a consequence, the increase in TOC content

provides a large amount of storage space for shale gas, thus

increasing the overall shale gas content.

5 Discussion

5.1 Pore structure distribution
characteristics

LT-N2GA and LP-CO2GA experiments were used to obtain the

micropore, mesopore and macropore PV and SSA values of shale

samples (Jiao et al., 2014; Li X. et al., 2022). The contributions of

different scales to PV are shown in Figure 9A. The PV of shale

micropores is 0.008 cm3/g on average, accounting for approximately

25% of the total PV. The PV of mesopores accounts for the largest

proportion, approximately 53%, with a mean value of 0.017 cm3/g.

The PV of macropores is relatively small, namely, 0.006 cm3/g,

accounting for approximately 22% of the total PV. Therefore,

micropores (<2 nm) and mesopores (2–50 nm) have the largest

contribution to PV, while macropores (50–300 nm) have a low

contribution to PV. The contribution of the comparative SSA at

different scales is shown in Figure 9B. The average SSA of shale

micropores is 19.08 m2/g, accounting for approximately 71% of the

total specific surface area. The average SSA of mesopores is 7.29 m2/g,

while that of macropores is only 0.26 m2/g. Thus, the contribution of

micropores is followed by mesopores and macropores. This result

shows the importance of micropores and mesopores in shale

reservoirs. LT-N2GA and LP-CO2GA experiments are of special

significance for shale microscopic pore analysis (Jiang et al., 2016;

Zhou et al., 2019).

The relationship between the BET SSA, BJH PV and APD is

shown in Figure 10. As shown in Figure 10A, the BET SSA is

positively correlated with the BJH PV (R2=0.95). In addition, the

APD is negatively correlated with the BET SSA and BJH PV

(R2=0.82 in Figure 10B and R2=0.72 in Figure 10C), indicating

that the SSA and PV of shale increase as the APD decreases. This

relationship has previously been observed in shales from marine

facies in the Sichuan Basin (Yang et al., 2014; Li et al., 2018;Wang

et al., 2019), marine continental transitional facies in the Ordos

Basin (Sun and Guo, 2018; Li Y. et al., 2019; He et al., 2021) and

lacustrine facies in the Songliao Basin (Wang et al., 2015; Han

et al., 2020). Figure 9 shows that micropores and mesopores

contribute significantly to the SSA and PV of shale samples. Shale

with smaller APD has more micropores and mesopores, and the

SSA and total PV are relatively higher.

TABLE 4 Fractal dimensions derived from the FHH model.

Samples Strata p/p0=0–0.5 p/p0=0.5–1.0

A1 R2 D1 A2 R2 D2

Sample1 Long-maxi Fm -0.46 0.93 2.54 -0.21 0.99 2.79

Sample2 Long-maxi Fm -0.46 0.94 2.54 -0.23 0.99 2.77

Sample3 Long-maxi Fm -0.50 0.90 2.50 -0.20 0.99 2.80

Sample4 Long-maxi Fm -0.47 0.92 2.53 -0.25 0.99 2.75

Sample5 Long-maxi Fm -0.47 0.91 2.53 -0.23 0.99 2.77

Sample6 Long-maxi Fm -0.48 0.92 2.52 -0.26 0.99 2.74

Sample7 Long-maxi Fm -0.45 0.90 2.55 -0.18 0.99 2.82

Sample8 Long-maxi Fm -0.44 0.92 2.56 -0.17 0.98 2.83

Sample9 Long-maxi Fm -0.42 0.94 2.59 -0.16 0.96 2.84

Sample10 Long-maxi Fm -0.38 0.96 2.62 -0.18 0.97 2.82

Sample11 Wu-feng Fm -0.41 0.94 2.59 -0.18 0.98 2.82

Sample12 Wu-feng Fm -0.37 0.98 2.63 -0.20 0.99 2.80
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5.2 Correlation between pore structure
and the shale composition

Previous studies have shown that the microscopic pore structure

of shale is closely related to its material composition, and TOC, quartz

and clay minerals greatly affect the pore structure distribution of shale

(Yang et al., 2014; Li Y. et al., 2019; Han et al., 2020; He et al., 2021).

The influence of the TOC, quartz and clay mineral contents on pore

structure parameters (BET SSA, BJH PV and APD) is shown in

Figure 11. As shown by the figure, the mineral composition and TOC

have obvious effects on the pore structure parameters. The BET SSA

and BJH PV of shale samples show a significant positive correlation

with the TOC content (R2=0.96 in Figure 11A and R2=0.92 in

Figure 11B). The BJH PV and BET SSA of shale samples with

higher TOC contents are larger, which is completely consistent

with previous studies on marine shale (Yang et al., 2014; Ji et al.,

2016; Li et al., 2018; Sun et al., 2016; Zhou et al., 2016; Wang et al.,

2019; Li X. et al., 2022), marine continental transitional shale (Sun and

Guo, 2018; Li Y. et al., 2019;He et al., 2021) and lacustrine shale (Wang

et al., 2015;Han et al., 2020). This is due to the porous structure ofOM

itself and the development of a large number of nanoscale pores during

the thermal evolution of OM. A complex three-dimensional pore

network of inner and outer pores provides more SSA and adsorption

space for the gas molecules. Figure 11 shows the relationship between

the BET SSA, BJH PV andmineral composition of shale samples. The

quartz content is negatively correlated with the BET SSA and BJH PV

(R2=0.80 in Figure 11C and R2=0.79 in Figure 11D, respectively). The

claymineral content is positively correlatedwith the BET SSAandBJH

FIGURE 7
Fractal calculation results.
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FIGURE 9
Distributions of different scales of pores acquired from LT-N2GA and LP-CO2GA [(A) percentage of the PV; (B) percentage of the pore SSA].

FIGURE 10
Correlation between pore structure parameters. [(A) BET SSA vs BJH PV, (B) BET SSA vs APD; (C) BJH PV vs APD].

FIGURE 8
(A) Isothermal adsorption curves of shale samples and (B) relationships between the TOC and VL of shale samples.
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PV (R2=0.59 in Figure 11E and R2=0.58 in Figure 11F, respectively).

Due to the high SSA of illite and illite/smectite mixed layers in clay

minerals, the BET SSA is 30.8 m2/g and 7.1 m2/g, respectively (Li et al.,

2016). However, the smooth surface of quartz has fewer pores, and the

SSA and total PV of quartz are smaller. In conclusion, TOC and clay

minerals increase porosity together andhave a positive effect on the PV

and SSA of shale, while quartz has a negative effect on the total PV and

SSA of shale.

5.3 Factors that influence fractal
dimensions

To study the influence of the TOC content and major

minerals (quartz and clay minerals) on the D of shale pores,

Figure 12 shows the influence of the TOC, quartz and clay

mineral contents on the D of shale pores. As shown in

Figure 12A, the D1 and D2 are positively correlated with

FIGURE 11
Relationships between pore structure parameters and shale composition [(A) TOC vs BET SSA, (B) TOC vs BJH PV; (C) quartz content vs BET
SSA; (D) quartz content vs BJH PV; (E) clay content vs BET SSA, (F) clay content vs BJH PV].
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the TOC content. Previous studies have found that the D of

shale pores has a positive correlation with TOC content or a

parabolic relationship. When the TOC content is greater than

6.0%, the D tends to level or decrease with increasing TOC

content (Wang et al., 2015; Li et al., 2016; Ma et al., 2019). This

is because the shale samples with high TOC contents are

affected by the hydrocarbon generation effect, and the TOC

content of shale in the study area is between 0.43% and 5.42%.

Therefore, the complexity and heterogeneity of the pore

structure of shale samples are not affected by the

hydrocarbon generation effect. As the quartz content

increases, the D1 and D2 values show an obvious trend of

change (Figure 12B), The smooth surface of quartz indicates

that quartz in shale weakens the development of pores and

reduces the heterogeneity and irregularity of shale

microstructure. The D2 value increases with increasing clay

mineral content (Figure 12C), indicating that clay minerals

have a positive effect on the D. Shale clays containing clay

FIGURE 12
Relationships between the shale composition and fractal dimensions (D1 and D2) [(A): TOC vs D1 and D2; (B): quartz content vs D1 and D2; (C):
clay content vs D1 and D2; (D): D1 vs D2].

FIGURE 13
Relationships between the fractal dimensions (D1 andD2) and pore structure parameters [(A)D1 andD2 vs BET SSA; (B)D1 andD2 vs BJH PV; (C)
D1 and D2 vs APD].
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minerals have different pore types, with irregular pore

structures and higher D (Li Y. et al., 2019). The influence

of clay minerals and the TOC content on the D of shale pores

is not obvious compared with that of marine shale of the

Wufeng Formation (Liang et al., 2015; Li X. et al., 2022) and

Niutitang Formation (Sun et al., 2016; Zhou et al., 2016) in the

Sichuan Basin, indicating that the factors controlling the D of

shale pores in northern Yunnan and Guizhou are more

complex. This complexity may be affected by a

combination of factors. The factors controlling the D of

shale pores in the northern Yunnan and Guizhou areas

need to be studied in more detail in the future.

The correlation analysis between microscopic pore

structure parameters and D1 and D2 can be seen

(Figure 13). BET SSA was positively correlated with D1 and

D2 (R2=0.63 and R2=0.64 in Figure 13A). There was a positive

correlation between BJH PV and D1, D2 (R2=0.71 and

R2=0.60 in Figure 13B). The larger BET SSA and BJH PV

were, the larger D1 and D2 were. The APD has a good

negative correlation with D2 (R2=0.92 in Figure 13C), while

APD has an insignificant negative correlation with D1

(R2=0.43 in Figure 13C), indicating that D2 may be a good

parameter for representing the irregularity of the pore space

structure. The smaller the APD is, the more micropores there

are, the more complex the micropore structure, the rougher the

pore surface, and the higher the SSA and fractal dimension of

the shale. In addition, the increase in PV provides more

adsorption space and adsorption sites for gas, which

increases the D. The relationships between the pore structure

parameters and D in the northern Yunnan–Guizhou marine

shale are consistent with those in the Sichuan Basin marine

shale, marine–continental transitional shale and lacustrine

FIGURE 14
(A) Relationships between the VL and fractal dimensions (D1 and D2) and (B) relationships between the VL and micropore SSA.

FIGURE 15
Chart showing the adsorption process and the major fractal dimension in (A) sample 1 and (B) sample 10.
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shale discussed by Li et al. (2018), Li H. et al. (2019) and Han

et al. (2020).

5.4 Discrepancies in fractal dimensions
and their contributions to ch4 adsorption
capacity

The relationship between the D1 and D2 and CH4 adsorption

performance is shown in Figure 14A. The Langmuir volume (VL) of

shale samples is positively correlated with the D, and the observed

changing trend is consistent with previous studies on shale in the

Sichuan Basin (Guo, 2013; Yang et al., 2014; Wang et al., 2016; Li

et al., 2018). The higher the D is, the more irregular the shale sample

surface, the more adsorption sites can occur, and the greater the

force between shale and gas molecules (Chen et al., 2017). The

correlation between D1 and VL is more obvious. The molecular

monolayer adsorption theory holds that the adsorption of methane

gas molecules on shale microporous surfaces is monolayer

adsorption, which is controlled by two factors: adsorption energy

and SSA (Wang et al., 2016; Chen et al., 2017). The larger the

adsorption energy and SSA between methane gas molecules and the

solid surface are, the larger the adsorption amount of methane gas.

As shown in Figure 14B, the APD is negatively correlated with the

SSA, and the SSA increases with APD (Chen et al., 2017). The

smaller the APD is, the larger the SSA and the more favourable the

adsorption of methane gas molecules.

The adsorption process of nitrogen onto shale can be divided

into two stages: single molecule adsorption in micropores or on

the surfaces of larger pores and multimolecule adsorption in

larger pores (Zhou et al., 2017). D1 reflects the adsorption stage

of a single molecule with a relative pressure less than 0.5, and the

adsorption capacity comes from the van der Waals forces of

molecules between the gas and liquid phases, that is, the early

stage of nitrogen adsorption, which is dominated by pore surface

adsorption; fractal dimension D1 is dominant (Figure 15A).

Because of the different pore distributions, the adsorption

capacity of different organic shale pores is obviously different,

and the adsorption capacity of sample 10 is larger. As the

adsorption pressure increases, multilayered adsorption of

micropores in shale begins to occur, and fractal dimension

D2 is dominant (Figure 15B). The adsorption capacity comes

from the surface tension between the gas and liquid phases. This

process is greatly affected by the irregularity of the pore structure;

finally, a condensed liquid is formed, and the adsorption process

is completed (Wang et al., 2016; Zhou et al., 2017; Sun and Guo,

2018).

6 Conclusion

1) The pores developed in the Wufeng–Longmaxi shales

are mainly OM pores and intraP pores. According to the

adsorption-desorption curve of LT-N2GA, mainly parallel

plate-like pores and slit pores are observed.

2) Most of the pores are in the 0.3–0.9 nm and 2–4 nm range,

with some pores between 20 and 60 nm, as acquired by LT-N2GA

and LP-CO2GA.

3) The mineralogical compositions and TOC of the

Wufeng–Longmaxi shales have different impacts on the pore

structure parameters. The TOC content has a positive effect on

the BET SSA and BJH PV. The BET SSA and BJH PV are

positively correlated with the clay mineral content but negatively

linearly correlated with the quartz content.

4) The pore structure parameters in turn exert different

effects on the fractal dimensions D1 and D2. D1 and

D2 increase with increasing total PV and SSA and decrease

with APD. D1 and D2 have a significant positive correlation with

the TOC and clay mineral content and a significant negative

correlation with the quartz content. In addition, the higher the D

is, the greater the adsorption capacity of shale.
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Nomenclature

APD average pore diameter

BET Brunauer–Emmett–Teller

BJH Barret-Joyner-Halenda

D fractal dimension

DFT density functional theory

FHH Frenkel–Halsey–Hill

FE-SEM Field emission scanning electron microscope

HPMA high-pressure methane adsorption

LT-N2GA Low-temperature N2 adsorption

LP-CO2GA Low-pressure CO2 adsorption

PV pore volume

PSD pore size distribution

SSA specific surface area

XRD X-ray diffraction
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