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a b s t r a c t

Structural damage from sample preparation processes such as cutting and polishing may change the pore
structure of rocks. However, changes in pore structure caused by this structural damage from crushing
and its effect on marine continental transitional shale have not been well documented. The changes of
microscopic pore structure in marine continental transitional shale during the sample preparation have
important research value for subsequent exploration and development of shale gas. In this study, the
pore structures of transitional shale samples from the Shanxi-Taiyuan Formation of the Southern North
China Basin under different degrees of damage were analyzed through low-temperature N2 adsorption
experiments, combined with X-ray diffraction, total organic carbon, vitrinite reflectance analysis, and
scanning electron microscopy. The results showed that (1) With increasing structural damage, the
specific surface area (SSA) changed within relatively tight bounds, while the pore volume (PV) varied
significantly, and the growth rate (maximum) exhibited a certain critical value with the crushing mesh
number increasing from 20 to 200. (2) The ratio of SSA to PV can be used as a potential proxy for
evaluating the influence of changes in the pore structure. (3) Correlation analysis revealed that the
microscopic pore structure of marine continental transitional shale from the Shanxi-Taiyuan Formations
is mainly controlled by organic matter and clay minerals. Clay minerals play a leading role in the
development of microscopic pores and changes in pore structure.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the successful development of shale gas in North America
and the optimization of the global energy structure, oil-gas re-
sources in shale reservoirs have gradually become the focus of
exploration and development in many countries (Desbois et al.,
2011; Zou et al., 2012; Wang et al., 2017). Marine continental
transitional facies are important characteristics of shale gas in
.
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China and have broad prospects for shale gas resources (Li et al.,
2019). The Southern North China Basin is an important place for
the distribution of marine continental transitional shale in China.
The transitional organic-rich black shale of Taiyuan-Shanxi For-
mation widely developed in the basin has typical characteristics of
stable deposition, large accumulated thickness and high gas con-
tent, which is of great research value. At present, successful
achievements have been made in the exploration and development
of shale gas in marine shale. However, the transitional shale of
China, which also has good resource potential, has not been
extensively studied, thus hindering breakthroughs (Yang et al.,
2017; Li et al., 2019).
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhangjc@cugb.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2021.10.016&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2021.10.016
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2021.10.016
https://doi.org/10.1016/j.petsci.2021.10.016


M.-L. Han, X.-L. Wei, J.-C. Zhang et al. Petroleum Science 19 (2022) 100e115
Tight shale reservoirs are essentially a porousmedium, and their
spatial structure is composed of pores and a solid matrix (Ambrose
et al., 2012; Loucks et al., 2012; Gu et al., 2015). Nano-micron pores
are the main enrichment space for oil and gas in tight reservoirs
(Ross and Bustin, 2009; Zhang et al., 2012; Gao and Li, 2016).
Therefore, the study of microscopic pore structure has important
theoretical significance for revealing the pore development char-
acteristics as well as the gas-storage performance (Tong et al.,
2017). Previous studies have shown that the transitional shale in
China is mainly developed in the coal-bearing strata of the
Carboniferous-Permian, often interbedded with coal and tight
sandstone. Transitional shale has a much higher clay mineral con-
tent than marine or continental shale. The degree of evolution of
organic matter is generally at the stage of maturity to over-
maturity, with strong heterogeneity. In contrast to marine or con-
tinental shale, the pore types of transitional shale are mainly clay
mineral pores, with relatively poor development of organic-matter
pores. The pores aremostly narrow slits of granular inner pores and
mineral intergranular pores (Tang et al., 2016; Li et al., 2019). Based
on this feature, gas adsorption (including nitrogen, argon, and
carbon dioxide) has become the main method for evaluating pore
structure at present. In recent years, considering the simplicity of
operation and economic practicability, most scholars have selected
N2 adsorption experiments (Han et al., 2016; Mastalerz et al., 2017;
Zhang et al., 2017) in combination with the statistical analysis of
particular parameters, such as the specific surface area (SSA), pore
volume (PV), and pore size distribution (PSD) to study the micro-
scopic pore characteristics.

Previous studies have shown that particle size has a certain
influence on the experimental results of microscopic pores in tight
reservoirs (Desbois et al., 2011; Slatt and O'Brien, 2011; Pommer
and Milliken, 2015; Mastalerz et al., 2017). During sample prepa-
ration, particle size is often changed through grinding and crushing.
At the micro level, the structure and internal composition of tight
reservoirs will inevitably change, damaging the pore structure (Lee,
2012; Boudriche et al., 2014). Therefore, differences in particle size
are essentially a reflection of different degrees of structural dam-
age. Structural damage from sample preparation has a certain in-
fluence on the qualitative and quantitative evaluation of
micropores in tight shale reservoirs. In recent years, scholars have
focused on this problem in tight reservoirs, particularly in tight
sandstone, coal, and marine shale. Y. Li et al. (2019) explored the
effects of different particle sizes on the experimental results of low-
temperature N2 adsorption of Gaotaizi tight sandstone in the
Songliao Basin. The results showed that the pore parameters (PV
and SSA) varied according to different particle sizes. In coal,
changes in particle size affect methane adsorption mainly by
changing the SSA and pore structure (Bertard et al., 1970; Nandi
et al., 1975; Busch et al., 2004). In a study of Devonian Mississip-
pian New Albany shale samples, Wei et al. (2014) and Chen et al.
(2015a,b) found that particle size could affect gas adsorption
experimental data. However, potential changes in the pore-fracture
system induced by structural damage and their influence on
microscopic pore structure evaluation of marine continental tran-
sitional shale have rarely been studied. This study explored the
specific impact of structural damage on the microscopic pore sys-
tem of transitional shale during sample preparation through the
statistics and analysis of experimental data on nitrogen adsorption
using core samples from the Shanxi Formation and Taiyuan For-
mation in the Southern North China Basin. The main objectives of
this study are as follows: (1) Comprehensively analyze the variation
characteristics of micropores and mesopores in transitional shales
with different degrees of structural damage; (2) Summarize the
error effect of damage from sample preparation on the nanoscale
pore structure, which would provide effective and reasonable
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reference information for the qualitative and quantitative evalua-
tion of pore structure and gas-storage capacity of shale; (3)
Describe the main factors controlling the development of transi-
tional shale pores under different degrees of structural damage.

2. Geological setting

The Southern North China Basin, located in the south of the
North China platform, is a meso-Cenozoic superimposed basin
developed on the North China platform (Jiang, 2016). The South
China North Basin consists of five structural units, from north to
south: Kaifeng Depression, Taikang Uplift, Zhoukou Depression,
Bengbu Uplift, and Xinyang-Hefei Depression (Fig. 1a and b). The
Permian strata in the basin are mainly distributed in the Kaifeng
Depression, Zhoukou Depression, and Taikang Uplift, with a thick-
ness of over 100 m. From the Late Ordovician to the Middle
Carboniferous, the North China Plate was gradually uplifted by the
Caledonian movement. A long period of weathering and denuda-
tion caused widespread loss of the upper Ordovician-early
Carboniferous strata in this area. Therefore, the transitional facies
strata of the Permian in the Southern North China Basin were
directly deposited on the Ordovician limestone. The sedimentary
environment during this period was changeable and was mainly
controlled by regional tectonic movements. In the early Carbonif-
erous, the North China platform re-sank, and seawater invaded
from northeast to southwest, forming a widely distributed North
China surface sea. Until the early Permian, the Taiyuan Formation
was composed of shale, coal, and siltstone, with a thickness ranging
from 30 m to 175 m. Subsequently, due to the collision between the
North China Plate and the Siberian Plate, the North China Plate was
uplifted again, and seawater receded from north to south. In this
process, the Southern North China Basin formed a complex sedi-
mentary system dominated by shallow coastal seas and river deltas.
The Shanxi Formation is composed of shale, coal, siltstone, and
sandstone, and its thickness ranges from 50 m to 130 m (Jiang,
2016; Dang et al., 2018).

Well Zhengxiye-1 is located in the Wenxian block of Henan
Province. Its structural location is in the transitional zone between
the southern Taikang Uplift and the northern Kaifeng Depression
(Dang et al., 2018). Well Zhengxiye-1 contains the gas-bearing in-
terval of Taiyuan and Shanxi Formations about 130 m behind, with
the well depth ranging from 3250 to 3379 m. The Shanxi Formation
and Taiyuan Formation strata selected for the target interval are a
set of typical marine continental transitional facies deposits with
depths ranging from 3260m to 3345m and a thickness of 85m. The
lithology of the Taiyuan Formation is black, gray-black mudstone,
black silty mudstone, and limestone, which are mixed with coal
lines. The lithology of the Shanxi Formation is mainly black, gray-
black mudstone, silty mudstone, fine sandstone, and sandstone,
which contain a large amount of carbon debris. The five shale
samples selected in this study are from the high-quality transitional
gray-black shale section of the Taiyuan Formation and Shanxi
Formation. The limestone sample is from the thick-limestone sec-
tion of the Taiyuan Formation.

3. Samples and analytical methods

3.1. Sample preparation

In this study, six core samples of the Shanxi and Taiyuan
Formations from Well Zhengxiye-1 were selected as the research
targets, consisting of five shale samples (JX-6, JX-13, JX-25, JX-44,
JX-52) and a limestone sample (JX-46) (Fig. 1c). The six samples
were collected from a depth interval ranging from 3265 m to
3345 m.



Fig. 1. (a) Location of Southern North Basin in China; (b) Tectonic unit division of Southern North Basin; (c) Stratigraphic columns of target interval.
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To ensure the rationality of comparing experimental data, the
six samples were first crushed and 20mesh particles were screened
out. Subsequently, the screened 20mesh samples were divided into
three parts; 2/3 of the 20 mesh particles were crushed to 80 mesh
and 200 mesh, respectively. After the nitrogen adsorption experi-
ment, the 200mesh samples were analyzed for total organic carbon
(TOC) content analysis, X-ray diffraction (XRD) for quantitative
analysis of whole rock minerals and clay minerals, vitrinite reflec-
tance analysis (Ro), and scanning electron microscopy (SEM)
(Fig. 2).
3.2. Analytical methods

3.2.1. Organic petrography and mineralogical analysis
The TOC content of the samples was analyzed using a CS-230

Carbon and Sulfur elemental analyzer (LECO Corporation, USA) at
the Sichuan Keyuan Engineering Technology Testing Center. The
main pretreatment process of the samples can be described as
follows: (1) Selection of powder samples after N2 adsorption
experiment; (2) Inorganic carbon removal using a certain concen-
tration of hydrochloric acid solution (the ratio of pure hydrochloric
acid to water is 1:7), and (3) Washing the residual acid, and placing
the samples in an oven at 70e80 �C for drying. Sample preparation
and measurements followed the standards of the International
Union of Pure and Applied Chemistry (ICCP 1975; Strapoc et al.,
2010; Wei et al., 2014; ASTM 2016).

Vitrinite reflectance Ro (%) measurements were performed using
an MPV-SP microscope and a 308-PV microscope photometer. The
processing procedure of the test samples was as follows: (1)
grinding and polishing the samples into specific light sheets and
drying the light sheets; (2) using a microphotometer to calibrate
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the standard sample by the double standard method; and (3) data
processing.

Pore morphology was observed using a Zeiss EVO-15 scanning
electron microscope with a smart energy-dispersive spectrometer
(Zeiss SmartEDS). Six samples polished with an argon ion beam
were scanned at an accelerated voltage ranging from 0.2 to 30 kV,
and the surface of the transitional shale samples was coated with a
layer of Au (99.999% purity) (Li et al., 2019). Argon ion polishing can
create a smooth plane for observing the morphological character-
istics of pores, and Zeiss SmartEDS was used for elemental analysis
(Shi et al., 2015).

XRD measurements of the powder samples were performed
using a Bruker D8 DISCOVER diffractometer (CuKa radiation). A
scan rate of 4�(2q)/minwas used in the range of 5e45� to record the
XRD traces. Minerals were identified using Bruker DiffracPLUS EVA
software, and then quantitatively analyzed using Rietveld refine-
ment in the Bruker DiffracPLUS TOPAS software (Xiong et al., 2017).
Non-clay mineral content was measured using the K-value method
after Rietveld refinement (Rietveld and MacKay, 1969), and the
contents of various clay minerals were calculated using a suspen-
sion separation method. The experiment was also completed at the
Sichuan Keyuan Engineering Technology Testing Center.
3.2.2. N2 adsorption analysis and data processing
The low-temperature nitrogen adsorption experiment was car-

ried out at the China University of Geosciences (CUGB), using an
Autosorb-iQ specific surface area and pore size analyzer (Quan-
tachrome Instruments). Six core samples from Well Zhengxiye-1
were ground to 20, 80, and 200 mesh to determine the nitrogen
adsorption capacity under different equilibrium pressures. The
specific experimental steps are as follows: (1) Vacuum degassing.



Fig. 2. Sample processing diagram (Take JX-6 as an example).

M.-L. Han, X.-L. Wei, J.-C. Zhang et al. Petroleum Science 19 (2022) 100e115
All samples were degassed under vacuum for 9 h at a temperature
of 90 �C; (2) Sample weighing. The difference between the mass of
the sample tube after degassing and the mass of the empty tube
before degassing is the mass of the sample after vacuum degassing;
(3) Cooling and measurement. The experimental samples were
cooled in liquid nitrogen at the temperature of liquid nitrogen
(77.35 K, �196 �C), the amount of nitrogen adsorbed at multiple
preset pressure points was measured, and the adsorption-
desorption isotherms of six samples under different mesh
numbers were obtained.

Commonmacroscopic thermodynamicmethods for analyzing the
microscopic pore structure of porous media based on gas adsorption
include the Langmuir monolayer adsorption theory, multilayer
adsorption theory (leading to the Brunauer-Emmet-Teller (BET)
equation) (Jaroniec, 1983; Rundzinski and Ecerett 1992), capillary
condensation theory based on the Kelvin equation (such as the
Barrett-Joyner-Halenda (BJH) method), and Dubinin-Polanyi
adsorption potential theory (such as the DubinineAstakhov (DA)
equation) (Artur et al., 2002). Relative to thesemacroscopicmethods,
thedensity functional theory (DFT) andMonteCarlomethod (MC)are
based on molecular dynamics. The non-local density functional the-
ory (NLDFT) andMCprovidemore accuratefluid structures in narrow
pores; they not only provide a microscopic model of adsorption but
alsomore realistically reflect the thermodynamic properties of fluids
in pores (Yang and Martias, 2009).

Recent researches have shown that NLDFT is a superior alter-
native to computational theories based on physical models for the
analysis of micropores and mesopores in porous media (Landers
et al., 2013). Compared differences between model analyses, data
points in the range of P/P0 (from 0.01 to 0.995) were selected in this
study, and the NLDFT model was used to calculate the PV of the
micropores. The BJH model were used to calculate the PV and pore
size distribution (PSD) of the mesopores. According to the
adsorption isotherm data, data points with a relative pressure be-
tween 0.05 and 0.35, were selected, and the BET equation was used
to calculate the SSA of the samples.
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4. Results

4.1. Organic geochemistry and mineral composition

The formation, Ro, TOC content, and mineral composition of the
samples are presented in Table 1. The six samples had high vitrinite
reflectivity (Ro) ranging from 4.16% to 4.47%. Limestone sample JX-
46 contained no clay minerals, and the TOC content of the other
samples ranged from 0.7% to 2%, with an average of 1.04%. The
vitrinite reflectance Ro of all the shale samples were above 4.0,
indicating they were in the over-maturity stage during the thermal
evolution of organic matter.

The results of XRD mineral composition analysis of the samples
showed that the main mineral components are quartz and clay
minerals, accounting for approximately 80%e90% of the relative
content of the main minerals. Except for the limestone sample JX-
46, the quartz content of the other shale samples was between
27% and 45% (with an average of 34.8%), while clay minerals
accounted for approximately 31%e63% of the total mineral
composition (with an average of 52.4%). Illite was the most
commonly developed clay mineral with the highest content in the
studied interval, followed by illite-smectite mixed clay (I/S), which
accounted for approximately 70%e90% of clayminerals. In addition,
these samples also contained a small amount of kaolinite and
chlorite. The combination characteristics of clay minerals suggest
that the Shanxi and Taiyuan Formations in the study area have
undergone the late diagenesis stage.
4.2. Low-temperature N2 adsorption

4.2.1. Isotherms
The isotherms of the six samples with different particle sizes

treated under the same experimental conditions are shown in
Fig. 3. The isotherm of JX-46 limestone sample represents the Type
III, and there is no inflection point “B” which is the symbol of the
end of the single-layer adsorption. When the relative pressure (P/



Table 1
Total organic carbon (TOC) content, equivalent vitrinite reflectance (Ro) and mineral composition of samples.

Samples Ro
(%)

TOC (wt., %) Mineral composition (wt, %) Clay mineral composition (wt, %)

Quartz Feldspar Calcite Dolomite Pyrite Clay Kaolinite Chlorite Illite I/S

JX-6 4.47 1.246 32 5 e e e 63 e 3 79 18
JX-13 4.22 0.5228 27 10 e e e 63 15 4 55 26
JX-25 4.16 0.7 42 3 3 10 e 42 5 26 61 8
JX-44 4.18 1.982 28 5 e e 4 63 4 14 70 12
JX-46 4.16 0.3368 7 e 93 e e e e e e e

JX-52 4.27 0.7433 45 3 e 8 1 31 13 6 71 10

Note: "e" indicates that the mineral component in the sample has not been detected.

Fig. 3. Line graphs of low-temperature N2 adsorption isotherms of six samples.
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P0) is close to 1, the isotherm has no platform, indicating that this
type of adsorption isotherm is mainly formed by microporous
materials. In fact, the JX-46 limestone sample is mainly composed
of calcite and quartz. The internal pores are dominated by larger
dissolved pores, and the force between the material and the
adsorbed gas is really weak. The adsorption isotherm of JX-6, 13, 25,
44, 52 shale samples represent the Type IV, which indicates that
multi-layer adsorption has occurred in the studied samples,
accompanied by a capillary condensation process (Thommes et al.,
2015). These isotherms are characterized by obvious hysteresis at
the relative pressure P/P0 between 0.4 and 0.5, indicating that the
adsorption and desorption branches do not coincide, which rep-
resents the isotherm of the materials with larger mesopores.

The shape of these isotherms exhibited an inverse “S” type. In
the low-pressure section (P/P0 < 0.1), the adsorption isotherm is
inclined to the Y-axis, indicating that there is a certain amount of
micropores and a strong interaction between the materials and
nitrogen. The strong adsorption potential of micropores makes the
pore surface appear a single molecular layer of adsorption. In the
medium-pressure section (0.1 < P/P0 < 0.9), it is the condensation
accumulation of nitrogen in the pores. The adsorption capacity
increased slowly with increasing relative pressure, and the iso-
therms were approximately linear, indicating that with the
continuous increase of gas molecules, due to the large number of
mesopores in the sample, the adsorption of nitrogen on the pore
surface is a multi-molecular layer. In the high-pressure section
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(0.9 < P/P0 < 1.0), the isotherms rose rapidly. When the relative
pressure P/P0 was close to 1, the adsorption isotherms did not show
a platform (adsorption saturation phenomenon). This indicates that
the gas is mainly adsorbed on the larger pores (mesopores or
macropores), and the increase of the proportion of larger pores
provides more adsorption space for nitrogen, and the gas adsorp-
tion capacity increases significantly.

4.2.2. Surface area and pore volume
The SSA and PV data obtained from the low-temperature N2

adsorption experiment with the crushing mesh number from 20
mesh to 80 meshe200 mesh are shown in Table 2. The BET model
was used to calculate SSA, and the BJH and NLDFT models were
used to calculate PV.

The results of N2 adsorption experiments showed that the SSA
values varied with the mesh increasing from 20 to 80 to 200, but
the overall SSA showed only slight variations, ranging from 0.1% to
70% (Fig. 4a). The PV values also varied, with a significant overall
variation, increasing from 1% to 300% (Fig. 4b). As the crushing
mesh was increased, the PV value showed varying degrees of
change. During the crushing process from 20 to 80 mesh, the par-
ticle size decreased from 850 mm to 180 mm, PV became larger, and
the total PV of the pores increased significantly. From 80 to 200
mesh, the particle size decreased from 180 mm to 75 mm and PV
continued to increase, but the growth rate of PV was significantly
reduced compared with that of the 20e80 mesh crushing.



Table 2
SSA and PV values of samples under different crushing meshes.

Samples SSA, m2/g PV, cc/g

20 mesh 80 mesh 200 mesh 20-80 growth rate, % 80-200 growth rate, % 20 mesh 80 mesh 200 mesh 20-80 growth rate, % 80-200 growth rate, %

JX-6 6.897 6.778 6.471 �1.73 �4.53 0.0181 0.0264 0.02155 45.86 �18.37
JX-13 8.168 7.223 6.748 �11.57 �6.58 0.0181 0.03023 0.03585 67.29 18.59
JX-25 4.414 7.384 7.212 67.29 �2.33 0.0079 0.02882 0.03226 265.09 11.94
JX-44 8.18 9.993 6.185 22.16 �38.11 0.0113 0.03895 0.04453 244.69 14.33
JX-46 2.703 2.186 2.387 �19.13 9.19 0.0048 0.01271 0.01296 167.47 1.97
JX-52 4.09 4.99 4.413 22.00 �11.56 0.0087 0.02567 0.03217 194.89 25.32

Fig. 4. The growth rate of SSA (a) and total PV (b) with different crushing meshes.
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Moreover, the total PV increased, but the growth rate was lower
than that of the 20e80 mesh crushing.

In the process of increasing the mesh number from 20 mesh, 80
meshe200 mesh, the structural characterization parameters of
micropores and mesopores showed different rules, and PV values
exhibited various changes with the increasing mesh (Fig. 5). The PV
value of micropores showed little change with increasing meshes,
while those of mesopores and macropores significantly varied. In
the process of grinding the samples from 20 to 80mesh, the growth
rate of PV showed a trend of significant increase. In the process of
grinding the samples from 80 to 200 mesh, the growth rate of PV
decreased significantly or no longer increased.

4.2.3. Pore size distribution
The pore size distribution (PSD) of each sample obtained using

the BJH calculation model with the crushing mesh number is
Fig. 5. The growth rate of PV in micropore
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shown in Fig. 6. In this study, as the samples contained a large
amount of micropores and mesopores, the PSD calculated can be
expressed by the curve of differential pore volume (dV/d(d)) to pore
size (Tian et al., 2013). The curve of the differential pore volume to
pore size represents the change rate of pore volume with pore size.
The graph area bounded by the aperture distribution curve and
coordinate axis represents the PV.

The PSD diagrams for different pore types show that the PSD
curve generally presents a single-peak feature, and all the peaks
corresponding to particle size were below 10 nm. The pores larger
than 10 nm of the JX-6, 13, 25, 44 and 52 shale samples were
increased with the mesh number raising from 20 to 80 and 200.
When the mesh number increases from 20 to 80, the pores at
2e50 nm of the JX-46 limestone sample increased greatly. In
addition, when the mesh number of the limestone sample was
increased from 80 to 200, the pores at 2e50 nm of the JX-46
s (a), mesopores (b), macropores (c).



Fig. 6. The pore size distribution of micro-pores.
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limestone sample decreased greatly. In general, whether the
number of pulverized mesh is 20 mesh, 80 mesh or 200 mesh, for
particle sizes of 3e10 nm, the peak of samples reached the
maximum, which shows that the change rate of PVwith pore size is
the largest and there are mainly micropores and mesopores (pore
size range: 2e50 nm) in the studied samples. Therefore, it can be
found that different crushing meshes have a certain influence on
the pore structure, and with the increase of crushing mesh number,
the volume of mesopores and macropores is significantly increased
due to the newly formed secondary pores.
5. Discussion

5.1. Morphology characteristics of transitional shale pores

5.1.1. Gas adsorption hysteresis loops
The shape of hysteresis can also indicate the characteristics of

microscopic pores in different shale samples (Fig. 7). According to
the International Union of Pure and Applied Chemistry (IUPAC),
hysteresis loops are divided into four types: The Type H1 loop is
narrow and is often found in materials that have a narrow range of
cylindrical mesopores. Hysteresis loops of Type H2 have a very
steep desorption branch, with a sharply decreasing inflection point.
It often occurs in mesoporous materials with a narrow range of
pore necks and a wide-body or "ink bottle" pores. The Type H2(a)
usually represents "ink bottle" shaped pores with a thin pore neck
and wide-body, while H2(b) represents the "ink bottle" shaped
poreswith amuch larger neckwidth. Isotherms of the Type H3 loop
rise rapidly with increasing relative pressure, and no adsorption
saturation occurs when the relative pressure is close to 1. It often
appears in mesoporous materials with a layered structure aggre-
gation and wedge-shaped pores. With increasing relative pressure,
the adsorption-desorption isotherms of Type H4 rise slowly, and
adsorption saturation occurs when it is close to the saturated vapor
pressure. This type usually occurs in materials with both micro-
pores and mesopores. Hysteresis loops of Type H5 are unusual, and
they have been found in mesoporous materials with partially
blocked channels (Thommes et al., 2015; Zhang, 2017).
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The shapes of the isotherms indicate the occurrence of three
types of pores in the shale (Fig. 3). The adsorption isotherms of the
low-pressure section exhibited a small change, while the isotherms
of the high-pressure section exhibited a steep increase, and the gas
adsorption capacity increased rapidly. Previously described exper-
imental data have shown that with increasing mesh number, the
SSA changed slightly, the proportion of micropores in the samples
was generally maintained, and the large increase in nitrogen
adsorption capacity in the high-pressure section was related to the
content of larger pores. The increase of the proportion of larger
pores (mainly mesopores and macropores) in the pore system
provides more adsorption space for nitrogen. In addition, compared
with the other five shale samples, the gas adsorption capacity of JX-
46 was the lowest, The JX-46 limestone sample is mainly composed
of calcite and quartz. The internal pores are dominated by larger
dissolved pores (Fig. 3), which indicates that the internal pores of
clay minerals and organic matter provide the main storage space
for gas adsorption.

In fact, the internal structure of the shale micropore system is
very complex and diverse. The shape of the adsorption-desorption
isotherms is often a combination of multiple types. The shapes of
the hysteresis loops of the samples exhibited various shapes ac-
cording to different meshes (Fig. 3). When the crushing mesh was
20, the hysteresis loop of the studied samples mainly corresponded
to Type H4, with mainly parallel slit-shaped pores. When the
crushing mesh was 80 and 200, the hysteresis loop of the samples
mainly corresponded to Type H3, indicating the dominance of
wedge-shaped pores. Considering that the content of clay minerals
in marine continental transitional shale is very high, the pore
fractures between clay minerals are usually wedge-shaped and
parallel slit-shaped (Milner et al., 2010; Kuila and Prasad, 2013;
Yang et al., 2016). Therefore, the flat hysteresis loops of marine
continental transitional shale are believed to be attributable to the
pores in clay minerals. The interlayer pores of the clay minerals
were dominant in the pore-fracture system of the transitional
shale. The content of developed pores (organic-matter (OM) pores)
was low, which also explains the poor development of OM pores in
the transitional facies shale.



Fig. 7. Schematic diagram of typical hysteresis loop types and corresponding pore morphology (Modified from IUPAC, 2015)
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Furthermore, the difference in the shape of the hysteresis loops
with crushing meshes is attributable to the pore characteristics of
different types of clay minerals. The transitional shale clayminerals
of the Shanxi and Taiyuan Formations are mainly illite and the
illite-smectite mixed clay (I/S). By virtue of its structure, I/S has an
inner surface and an outer surface, and its internal pores can form
parallel slit-shaped pores. Illite can only produce wedge-shaped
pores formed by the loose accumulation of single flake crystals.
Therefore, for shale samples with high illite content, the shape of
the hysteresis loop is mostly Type H3; for shale samples with a high
I/S content, the shape of the hysteresis loop is mostly Type H4. The
above experimental results indicate that with increasing crushing
mesh from 20 to 80e200 mesh, the hysteresis loops of the samples
changed from Type H4 to Type H3; in other words, with increasing
degree of structural damage, the proportion of I/S decreased and
that of illite increased. At the same time, it also proves that in-
creases in the degree of damage affect the pore structure of I/S.
5.1.2. Scanning electron microscopy
The morphological characteristics of microscopic pores in

transitional shales can be clearly observed through SEM. According
to Loucks et al. (2012), microscopic pores can be classified as
interparticle (interP) mineral pores, intraparticle (intraP) mineral
pores, and intraP OM pores. InterP pores can be observed among
different minerals, organic matter, and grains. IntraP pores are
found within particles, such as interbedded pores of clay minerals.
Both intraP and OM pores can be found within organic matter.
Different types of pores have different morphological characteris-
tics, and they can be distinguished by their brightness in SEM im-
ages. Metallic minerals (mainly pyrite) have the highest brightness;
clay minerals and some clastic minerals, such as quartz or feldspar,
have the second highest brightness; organic matter have the lowest
brightness compared to all minerals. Because topography variation
was highlighted by SEM imaging, pores are the darkest and can be
easily identified (Jiao et al., 2012).

The SEM images showed that clay minerals and organic matter
were in the main components of the transitional shale samples
selected in this study (Fig. 8). Clay minerals mostly occurred as long
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gray strip combinations parallel to the bedding direction, with an
inner lamellated microstructure, indicating that they had experi-
enced strong compaction during burial (Fig. 8a and b) (Chen et al.,
2016). The transitional shale of the Shanxi-Taiyuan Formation is in
the high to over-mature stage of thermal evolution of organic
matter, and has also experienced a long period of compaction. Most
organic matter appeared as amorphous dark regions; in other
words, the high over-maturity indicates the transitional shale
samples undergoing a long period of OM thermal evolution and
also high compaction (Fig. 8c, d, e). The main pores were interlayer
pores of clay minerals, while SEM revealed poorly developed OM
pores. In addition, a certain number of micro-fractures were also
observed in the transitional shale samples (Fig. 8f).
5.2. Effect of sample damage on pore structure

Although the pore structure of shale has strong heterogeneity,
for a millimeter-sized shale particle, the distribution of micropores,
mesopores, and macropores can be considered uniform. An
important prerequisite for the evaluation of shale powder samples
by N2 adsorption is that the crushing process exposes closed pores
but does not create new pores. On this premise, regardless of how
the sample particle size changes, the change rate of microporous
pore volume (MiPV) and mesoporous volume (MePV) should be
maintained at a constant value. The change in the SSA of shale also
remains constant. Therefore, if the above assumption is true, the
following equation is given:

MiPV1¼a*MiPV2¼a*MiPV3¼ … ¼a*MiPVn (1)

MePV1¼b*MePV2¼b*MePV3¼ … ¼b*MePVn (2)

SSA1¼c*SSA2¼c*SSA3¼ … ¼c*SSAn (3)

where MiPV1,MiPV2 …MiPVn are the microporous pore volumes of
shale samples when the particle size decreases sequentially, MePV1,
MePV2 … MePVn are the mesoporous pore volumes of shale sam-
ples when the particle size decreases sequentially, SSA1, SSA2 …



Fig. 8. SEM images of different pore types in the Shanxi and Taiyuan transitional shales. (a) The organic matter and clay minerals developed in the samples; (b) Clay minerals with
typical layered structure and a large number of microscopic pores developed; (c) The organic matter in dark regions; (d) Magnified organic matter in zone C; (e) Fewer organic pores
are visible; (f) Micro-fractures
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SSAn are the SSA of the shale sample when the particle size de-
creases successively, and a, b, and c are the coefficients.

However, in the actual use of gas adsorption methods to eval-
uate the microstructure of tight reservoirs, the manual preparation
process of sample particles has a certain impact on the pore
structure (Slatt and O'Brien, 2011; Lee, 2012; Boudriche et al., 2014;
Pommer and Milliken, 2015). The analysis of the experimental data
in the previous section revealed that the conventional manual
sample preparation process damaged the pore structure of shale to
a certain extent, resulting in the development of new pores or
108
micro-fractures. Such a structural damage significantly affects the
experimental results of the nitrogen adsorption experiment for
evaluating the pore structure of shale.

5.2.1. Specific surface area
The SSA is often closely related to the micropore content of the

sample. Under the same circumstances, assuming that the total PV
of the sample is certain, the smaller the particle size, the larger the
surface area (Han et al., 2016). With an increase in the crushing
mesh, the particle size decreased continuously, while the SSA
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values of these samples showed little changes (Fig. 4a) (Mastalerz
et al., 2017). In the process of crushing the samples from 20 to
200 mesh, the particle size decreased to 75 mm, which is insuffi-
cient to destroy micropores with a pore size of less than 2 nm in the
nanoscale pore structure. Therefore, the change in micropores with
the number of experimental crushing meshes is not significant, and
the sample preparation process has little influence on the change in
SSA (Wei et al., 2014; Chen et al., 2015).
5.2.2. Pore volume
In the discussion of the experimental data, the PV widely varied

during the crushing of samples with mesh number increasing from
20 to 80 and 200 (Fig. 4b), and the increase range of the PV of
different pore types also followed different rules (Fig. 5aec). As the
samples were continuously crushed from 20mesh to 200mesh, the
effect of crushing on the level of micropores with pore sizes less
than 2 nm can be ignored; that is, the SSA and PV of micropores
measured in the nitrogen adsorption experiment showed little
changewith sample particle size. Therefore, the significant increase
of PV value is mainly due to the sample preparation damage,
resulting in secondary pores or fractures. These newly produced
pores are mainly mesopores and macropores. With the increase of
crushing meshes in the sample preparation process, the change
rules of the PV value can be classified into three types (Fig. 9):

a. With increasing crushing mesh, the growth rate of the PV
increases. In this case, as the particle size decreased, the PV
increased rapidly. This indicates that new connected pores or
fractures are constantly produced during the sample prepara-
tion process. The number of mesopores and macropores
continued to increase, increasing the PV of the shale samples. At
this time, the pore structure was not completely destroyed, and
the continuous generation of connected pores contributed to
the PV.

b. PV increases uniformly with themesh number. In this case, as
the particle size decreased, the PV maintained a trend of linear
growth. When the sample was crushed to 200 mesh, the pore
structure was uniform at the microscopic pore level and was not
destroyed during the sample preparation process. The PV
exhibited a linear growth, which reflects that the pore structure
of the shale samples is relatively uniform.

c. With increasing crushing mesh, the growth rate of the PV
decreases. In this case, as the particle size decreases, the trend
of PV growth gradually slows down, indicating that the PV of the
shale samples did not increase substantially during the process
of crushing to 200 mesh. However, there was a certain
maximum growth rate. When it is less than the maximum
growth rate of the PV value, new connected pores (mesopores,
macropores, or micro-fractures) are constantly generated,
resulting in a significant increase in the PV. When it is greater
than the maximum growth rate of the PV value, there are fewer
Fig. 9. The changes of pore vo
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or no new connected pores in the sample, and micro-fractures
cannot be connected with closed pores. At this time, the pore
structure is seriously damaged, and the PV of the sample
changes slowly or even stops changing after reaching a certain
critical value.

According to the experimental data, the variation law of the
pore system conforms to the third case (Figs. 4b and 5). With in-
creases in crushing meshes, new pores were generated in the pore-
fracture system of the shale samples. These pores can be connected
by the increasing micro-fractures, which provide more adsorption
space for liquid nitrogen, and further increase the PV of the sample.
At the same time, as the degree of damage increases, the supporting
structure of the pores may be damaged when a critical value of the
supporting pore lattice is reached in the sample preparation pro-
cess, resulting in the formation of micropores during the damage
process and destruction of pores. Meanwhile, the increase in PV
decreases or even stops increasing. The changes in the pore-
fracture system induced by damage during sample preparation
have a certain error effect on the qualitative and quantitative
research of pore structure in shale samples, and this error cannot be
ignored.
5.2.3. Ratio of specific surface area to pore volume (SSA/PV)
The solid medium of shale is heterogeneous and complex in

structure, mixed with organic matter andmineral components. The
proportions of pores with different particle sizes, such as micro-
pores, mesopores, andmacropores, are also different. Generally, the
SSA, PV, PSD, and other single parameters are used to describe the
structural characteristics of microscopic pore systems. However,
during the sample preparation process, the changes in the mesh
number may damage the internal pore structure owing to the
different components and structures of the solid matrix. Consid-
ering the possibility of nanoscale pore structure changes during
manual sample preparation and the limitation of a single param-
eter, this study proposed a comprehensive description of the
changes in the micropore structure in tight shale by calculating
SSA/PV.

In the shale samples studied, the relationship between PV and
SSAwith the increasing crushed meshes calculated for each sample
is shown in Fig. 10a. A weak correlation was observed between PV
and SSA. Further statistics of the change in the SSA/PV ratio are
shown in Fig. 10b. The SSA/PV decreased with increasing mesh
number, and when the crushing mesh reached the maximum PV
growth rate, the decreasing amplitude of SSA/PV gradually slowed
down. The change in SSA/PV with the number of crushing meshes
was well consistent with the change in PV with increasing crushing
mesh.

Compared with a single parameter that characterizes the pore
structure (such as SSA, PV, etc.), SSA/PV can more comprehensively
reflect the changes in the microscopic pore structure of shale
lume with crushing mesh.



Fig. 10. The relation between PV and SSA under different meshes (a), and the change of SSA/PV under different meshes (b).
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samples and the degree of damage of various pores in the sample
preparation process of gas adsorption experiments. Similar to the
change in PV in the sample preparation process, the possible
changes in SSA/PV can be divided into the following three
categories:

(i) SSA/PV increases with increasing degree of damage.

As the degree of damage has little effect on the micropores, the
overall change in the SSA is small. PV increases with increasing
crushing mesh, and SSA/PV increases. This shows that DSSA in-
creases significantly, and the increment of micropores is larger than
that of mesopores. In other words, with increasing mesh number
during sample preparation, the PV and quantity ratio of micropores
in the connected pores play a leading role in changing the pore
structure.

(ii) SSA/PV remains unchanged or changes at a small amplitude.

The shale sample was relatively homogeneous, and the SSA and
PV changed to the same degree; in other words, the changes in
micropores and mesopores were consistent. This indicates that the
influence of the sample preparation process on the quantity and PV
of various shale pores was consistent.

(iii) SSA/PV decreases with increasing damage degree.

As the degree of damage has little effect on the micropores, the
overall change in SSA is small. PV increases with increasing
crushing mesh, but SSA/PV decreases. This shows that DPV has a
larger increase, and the increment of mesopores and macropores is
larger than that of micropores. In other words, as the crushing
meshes increased during the sample preparation process, the par-
ticle size of the samples continued to decrease, and additional
interconnected pores were possibly generated during the crushing
process (themesopores became connected to formmacropores, the
number of macropores increased, or new shrinkage fractures
developed due to stress). PV increased significantly, and the sample
preparation process damaged the pore structure to a certain extent,
leading to errors in the measured experimental data.

Comparing the change rates of SSA/PV values among different
samples, the damage induced by sample preparation leads to
certain errors in the data of the traditional pore structure test,
which affects oil and gas exploration results. Therefore, the relevant
characterization data must be corrected. The results also show that
it is feasible to use the change in SSA/PV with mesh number as a
qualitative method for identifying the change in microscopic pore
structure during sample preparation and for evaluating the
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accuracy of the pore structure test characterization data of samples
with nanoscale pore structure in tight reservoirs.

5.3. Main controlling factors of transitional shale pore structure
variation

The characterization of the pore structure is an important basis
for evaluating the performance of tight reservoirs (Loucks et al.,
2012). The thermal evolution of organic matter in the transitional
shale from the Shanxi and Taiyuan Formations is generally mature,
and SEM revealed relatively poor development of OM pores; the
pore structure is dominated by clay mineral pores (Peng et al.,
2017). According to the results of the above low-temperature N2

adsorption experiment, pore structure parameters such as SSA, PV,
and adsorption capacity of limestone sample JX-46 showed little
change with increasing crushing mesh number. The pore structure
parameters of the other five samples varied with decreases in
particle size. To accurately study the microscopic pore structure of
transitional shale, it is necessary to distinguish the main factors
affecting the development of various pores in the pore-fracture
system.

Coal is a porous heterogeneous mixture composed of organic
macerals and a small amount of inorganic minerals. The pores are
dominated by OM pores, and coal-matrix pores are mainly affected
by TOC (Xu and Zhu, 2020). Tight sandstone reservoirs are mainly
composed of heterogeneous mixtures of various porous minerals.
The pore types are mainly inorganic pores, and pore development
is controlled by the content of mineral components in the reservoir
(Sun et al., 2020). The development of microscopic pores in marine
shale is influenced by both TOC and mineral component content.
Therefore, in this study, we applied factors affecting the pore
development of marine shale for comparing the pore characteris-
tics of the transitional shale samples, and focused on discussing the
development characteristics of various pores in marine continental
transitional shale.

5.3.1. Relationship between TOC and pore structure variation
Organic matter is the material basis for hydrocarbon formation

in shale. Its internal structure is complex, and OM pores have a
strong adsorption capacity. The OM content is of great significance
for the generation and storage of gas in tight reservoirs. Previous
studies have shown that with increasing OM content, the surface
area of mud shale increases and the amount of adsorbed gas also
increases gradually (Chalmers and Bustin, 2008; Zhang et al., 2012).
Pores inmarine continental transitional shale aremainly developed
in clay minerals and organic matter. The TOC content of the Shanxi
and Taiyuan Formation shale samples was between 0.7% and 2%,
with significant differences among these samples. The results of the
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correlation analysis between TOC content and various types of
pores in the marine and transitional shale samples are shown in
Fig. 11 (Chen et al., 2015). Data of changes in marine shale samples
were obtained from the New Albany Shale (NAS: Mastalerz et al.,
2017) (Fig. 11aec). Simple linear regression analysis showed that
the correlation between TOC content and pore structure parame-
ters (SSA, PV) showed little change with increasing degree of
damage in transitional shale samples, and the linear correlation
coefficient R2 was between 0.003 and 0.6. TOC content showed
good correlation with the development of pores in marine shale
samples.

According to the experimental data, the development of various
pores in transitional shale exhibited a weak correlation with TOC,
compared with marine shale. A certain correlation was observed
between micropores and TOC, whereas mesopores were generally
not correlated with TOC. The increasing degree of damage had little
influence on the correlation between microscopic pores and TOC.
This further indicates that TOC content has a certain influence on
the development of micropores in transitional shale from the
Shanxi and Taiyuan Formations, although the influence is weak.
Damage from sample preparation did not destroy the pore struc-
ture of the micropores, but only increased the number and volume
of micropores to a certain extent. Micropores and small mesopores
largely contributed to SSA.

5.3.2. Relationship between mineral composition and pore
structure variation

The content and composition of minerals in shale can reflect the
sedimentary and diagenetic environment and play a certain role in
controlling pore development as well as the generation and storage
of shale gas. In general, the higher the content of brittle minerals in
shale, such as quartz, feldspar, and calcite, the more likely the for-
mation of fractures under the influence of compression, thus
improving the extraction rate of shale gas. The higher the clay
mineral content, the more complex the pore structure of shale,
Fig. 11. The correlation between TOC content and various pores (Among them, a, b, c are der
from the Shanxi Formation and Taiyuan Formation transitional shale samples.)
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which is helpful for increasing the surface area and PV. A typical
characteristic of marine continental transitional shale is the
development of a large number of clay mineral pores, which can
significantly increase the adsorption capacity (Loucks et al., 2012;
Cai et al., 2013; Han et al., 2013).

The results of the correlation analysis between clay mineral con-
tent and various types of pores in the marine and transitional shale
samples are shown in Fig. 12. The image shows that the clay mineral
content significantly affects the pore structure parameters (SSA, PV)
of micropores and mesopores in transitional shale, while the influ-
ence is very small formarine shale (Fig.12aec). The linear correlation
coefficient (R2) of transitional shale samples is generally distributed
between 0.7 and 0.9 (Fig. 12def), which indicates that the pore types
developed in clay minerals are mainly micropores and small meso-
pores. In addition, increases in the degree of damage have little effect
on the correlation betweenmicropores and claymineral content, but
they significantly affect the correlation between mesopores and clay
mineral content. Furthermore, damage from sample preparation
processes can destroy the internal structure of clay minerals to a
certain extent. The pore structure of the micropores was not signifi-
cantly affected, and the damage mainly destroyed the pore structure
of largerpores. Increases in thenumberandvolumeofmesopores and
larger pores led to changes in pore structure parameters.

The experimental data showed that the clay mineral content is
the most important factor affecting the pore development of the
Shanxi and Taiyuan Formation transitional shale samples. The clay
minerals in the samples were mainly illite, with a relatively small
amount of illite-smectite mixed clay (I/S). To further explore the
specific clay mineral playing a major role in the development of
various types of pores, the contents of illite and I/S, which account
for the largest proportion of clayminerals, were analyzed, and their
effects on pore structure parameters with increasing degree of
damage were investigated (Figs. 13 and 14).

The regression analysis showed that with increasing degree of
damage, the contents of I/S and illite are related to the structural
ived from the NAS marine shale samples, data from Chen et al., 2015; d, e, f are derived



Fig. 12. The correlation between clay mineral content and various pores (Among them, a, b, c are derived from the NAS marine shale samples, data from Chen et al., 2015; d, e, f are
derived from the Shanxi Formation and Taiyuan Formation transitional shale samples.)

Fig. 13. The correlation between I/S content and various pores of transitional shale samples in the study area.
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Fig. 14. The correlation between illite content and various pores of transitional shale samples in the study area.
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parameters of micropores and mesopores (SSA, PV), and the linear
correlation coefficient R2 ranged from 0.2 to 0.8. However, no cor-
relation was observed between the contents of illite and I/S, and
macropores. With crushing at 20 mesh, the micropores and mes-
opores were mainly affected by the I/S content. When the crushing
mesh was increased to 80, the correlation between micropores and
I/S weakened, while that between micropores and illite strength-
ened. The correlation between mesopores and illite was signifi-
cantly enhanced, indicating that mesopores were mainly
influenced by the contents of illite and I/S. The correlation coeffi-
cient reached the maximum among all influencing factors. When
the crushing mesh was increased to 200, the correlation between
micropores and the content of illite and I/S becameweak, similar to
that for mesopores. This finding suggests that clay minerals are the
main factor affecting the development of micropores and meso-
pores, and macropores are not controlled by a single component
but influenced by the combined action of multiple factors. To a
certain extent, increases in the degree of damage leads to the
generation of new connected pores (macropores are broken into
mesopores, or the originally existing closed pores are connected by
micro-fractures), and PV increases rapidly. However, if the crushing
mesh is too large, the internal pores of clayminerals (mainly I/S) are
destroyed, weakening the correlation between micropores, meso-
pores, and clay minerals (illite, I/S).

Based on the above findings, TOC and claymineral content affect
the development of micropores in shale. For the marine continental
transitional shale of the Shanxi and Taiyuan Formations, clay
minerals with micropores and small mesopores play a leading role
in pore development, and TOC content also affects pore develop-
ment to a certain extent. This is different from the main controlling
factors of pore development in marine shale. Most of the organic
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matter in sedimentary rocks associate with clay minerals in the
form of complexes (Cai et al. 2007, 2013; Fan et al., 2011). Transi-
tional shale in China is characterized by rich organic matter and
highly mature evolution. As this shale has experienced over-
compaction and is at an over-mature stage of thermal evolution,
the amounts of interparticle pores and intraparticle pores are small.
The internal structure of clay minerals is relatively complex, and
clayminerals contain a large number of OM particles. The symbiotic
relationship between clay minerals and organic matter plays an
important role in promoting the development of micropore sys-
tems in tight shale reservoirs and also affects the gas content of the
shale reservoir. Therefore, there is a complex interaction between
organic matter and clay minerals, and the symbiotic relationship
between them has a microcosmic influence on the pore structure of
shale reservoirs at the nanometer scale. Nevertheless, the macro-
scopic impact of this relationship on shale gas content requires
further study.

5.3.2.1. Limitations. The experimental methods and samples in
present study have some limitations. Nitrogen adsorption experi-
ments have been widely accepted for decades as the standard
method for micropore and mesoporous pore size analysis. How-
ever, due to the structural characteristics of nitrogenmolecules, it is
difficult to quantify micropores, especially ultra-micropores. In this
research, in the process of calculating the pore volume of micro-
pores and mesopores, the molecular dynamic method NLDFT
calculation model is used to analyze the pore volume, so as to
further reduce the influence of the limitations of the experiment on
the data. In addition, only 6 samples were studied when the factors
affecting the change of pore structure were discussed from
different perspectives. The number of samples is small, but the
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overall rule is clear, which can reflect the change of pore structure
under the control of different factors. For similar studies, more
samples may be needed for further discussion.

6. Conclusions

In this study, experiments combining low-temperature N2
adsorption with organic petrography and mineralogical analysis
(TOC, Ro, XRD, and SEM)were performed to analyze the influence of
structural damage on microscopic pore development in the tran-
sitional shale samples of the Shanxi and Taiyuan Formations.
Changes in pore structure parameters with different degrees of
damage and the relationship between pore types and the main
controlling factors were determined. The main conclusions are as
follows:

(1) In the analysis of the microscopic pore structure character-
istics of transitional shales of the Shanxi and Taiyuan For-
mations based on the low-temperature nitrogen adsorption
experiment, structural damage induced by sample prepara-
tion processes led to various changes in pore structure pa-
rameters (such as SSA, PV, PSD, etc.), which can lead to
certain errors in the qualitative and quantitative evaluation
of the microscopic pore system of tight reservoirs.

(2) With increasing degrees of structural damage, SSA changed
within relatively tight bounds, while PV varied significantly.
A certain critical value of growth rate (maximum) was
observed in the process of increasing the crushing mesh
number from 20 to 200. When the mesh was increased from
20 to the critical value (when the increase rate of PV is at the
maximum), PV increased sharply. When the crushing mesh
was increased from the critical value to 200, PV increased
slowly or no longer increased.

(3) Under the actual formation conditions, the solid medium of
shale is heterogeneous, and sample preparation processes
change the internal pore structure. Compared to a single pore
characterization parameter, the variation of SSA/PV could
better reflect the possible change of various pores in the
shale micropore system with increasing degrees of damage.

(4) The contents of TOC and clay minerals are the main factors
controlling changes in the pore structure of the transitional
facie shale of the Shanxi and Taiyuan Formations. Compared
to the marine shales, the pore development of the transi-
tional shale is dominated by clay mineral pores, and the clay
mineral content plays a leading role in the microscopic pore
structure of shale. In the study area, the most common clay
minerals are illite and illite-smectite mixed clay, and they are
both well correlated with changes in the structure of mi-
cropores and mesopores with increasing degrees of damage.
The content of organic matter (TOC content) can also affect
the development of microscopic pores, but it is not the main
factor. TOC content and micropores exhibited a good
correlation.
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