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Pore structure is a major factor affecting the storage space and oil-bearing properties of
shales. Mineralogy, organic matter content, and thermal evolution complicate the pore
structures of lacustrine shales. In this study, the porosity evolution of organic-matter-rich
shales from the Cretaceous Nenjiang Formation in the Songliao Basin, Northeast China, are
investigated using thermal simulation experiments and in-situ scanning electronmicroscope
analysis. Three findings were obtained as follows: 1) The pore system of shales from the
Nenjiang Formation is dominated by inter-granular dissolution pores of plagioclase and
intra-granular pores of illite-smectite mixed layers. Few organic-matter pores are observed.
2) New pores developing during thermal evolution are primarily organic matter pores and
clay mineral pores, with diameters greater than 18 nm. Clay mineral pores with diameters of
18–50 nm are the principal contributors to porosity at temperatures between the low
maturity stage and the oil-generation window, and organic matter pores with diameters of
greater than 50 nm comprise the majority of pores generated between the gas-generation
window and the high-/over-mature stages. 3) Porosity increases continuously with maturity,
and the pore system varies at different maturity stages. Porosity evolution is controlled by
illite content and organic matter abundance. Total pore volume correlates positively with illite
content but negatively with organic matter abundance. These findings could provide
guidance on shale oil evaluation in the Songliao Basin and assist in the ‘sweet-spotting’
of lacustrine shale systems across China.

Keywords: shale oil, fine-grained deposition, unconventional oil and gas, nano pore-throat system, in-situ
conversion

INTRODUCTION

As a new field of oil and gas exploration, research on shales has been a focus of attention for more than a
decade. After “shale gas”, “shale oil” is now contributing to this unconventional energy revolution,
ensuring an important strategic position for shales in China. (Jia et al., 2012; Du et al., 2019; Jin et al., 2019;
Jia, 2020; Zhao et al., 2020; Zou et al., 2020, 2021). Geologists have come to understand that shale provides
not only source rocks but also reservoirs, so the study of pore structures in shales has become a research
hotspot, since pore structure has an important effect on reservoir properties (Wu et al., 2018; Zhu et al.,
2016a, 2018). Previous studies of shale pore structures have tended to focus on two specific aspects; static
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characterization and dynamic evolution. In terms of static
characterization of pore structures, research has concentrated on
using various methods to evaluate shale pore types and determine
their sizes and controlling factors (Zhu et al., 2018; Wu ST. et al.,
2020). The principal understandings that have been gained are: 1)
Shale pore types include inorganic mineral pores, organic matter
(OM) pores, and microfractures. Different types of shales possess
different types and combinations of pores. Lacustrine shale is
dominated by inorganic mineral pores (Wu et al., 2018; Zeng
et al., 2019; Liu et al., 2021), but marine shale has a relatively
high proportion of OM pores (Zhao et al., 2016; Zhang et al., 2017;
Wang et al., 2018). 2) Shale pores are very small, and micro-nano
meter pore-throat systems occupy the largest proportion of reservoir
space (Zou et al., 2010; Zhu et al., 2016a). For example, Zeng, (2020)
proposed that, numerically, the majority of pores have diameters of
less than 10 nm but that pores with diameters greater than 10 nm
contribute most of the pore volume. Zhang et al. (2017) found that
OM pores in Wufeng-Longmaxi Formation shale are mostly
micropores and mesopores, smaller than 50 nm. 3) the clay
minerals content, TOC, and thermal evolution are major
influences on pore structure (Zhu et al., 2016b; Wu et al., 2015,
2019; Cui et al., 2012; Kang, 2020; Duan, 2017; Xu J. et al., 2020; Hou
et al., 2021a). In terms of dynamic evolution, the previous research
has mainly focused on two aspects: 1) Geological comparison of
shales with different mineral compositions, different OM
abundances, and different thermal evolution maturity, using
scanning electron microscopy, nitrogen adsorption, and other
methods to evaluate the quantitative differences between pores
(Curtis et al., 2012a). 2) High-temperature and high-pressure
physical simulation of the evolution of low-mature shales using
physical simulation apparatus, focusing on determining the
characteristics of pore evolution during thermal evolution (Cui
et al., 2012; Jiale et al., 2021; Wu et al., 2015; Zhen and Wei,
2018; Wu et al., 2019).

The Cretaceous Nenjiang Formation (NJ Fm) in the
Songliao Basin contains large areas of organic-matter-rich
(OMR) shales (Zeng et al., 2018; Xu Jiale et al., 2021; Yang
et al., 2021). The dark shale in the first member of the NJ Fm
alone has a cumulative thickness of 184.8 m, with an average of
90.5 m (Chi, 2010; Feng et al., 2011; Wang, 2014; Zheng et al.,
2015), which suggests good oil exploration and development
potential. The shales of the NJ Fm are of low maturity, making
it an excellent target area for exploration of in-situ conversion
(ICP) of shale oil (Zhao et al., 2018). An ICP breakthrough in
this set of low-maturity shales would revitalize the old
industrial base in Northeast China and improve the current
energy situation of the entire country. In general, current
research on the pore structures of NJ Fm shale is focused
on static characteristics. For example, Kang (2020) noted that
NJ Fm shale contains large numbers of mineral intergranular
pores, with a few OM pores and mineral intragranular pores,
and proposed that clay minerals are the main factors
controlling pore development. Cheng et al. (2019) observed
that OM pore sizes in the NJ Fm range between 30 and 500 nm,
with the main peak at 70–130 nm. Duan (2017) determined
that the pores of the NJ Fm shale are concentrated in two
ranges: less than 100 nm, and 100–200 μm. On the whole, the

pores of NJ Fm shale have been studied in terms of static rather
than dynamic properties, and the influence of mineral
composition, OM, diagenetic evolution, and hydrocarbon
generation and expulsion have generally not been
considered in discussion of the evolution of pore structures.
Systematic research on the dynamic evolution of shales in the
NJ Fm is therefore essential.

In this study, NJ Fm shale with lowmaturity from the Songliao
basin is selected as the research object to observe changes in
mineral composition, OM, and pore structures during thermal
evolution, to reveal their interactions, and to establish a pore
evolution model for NJ Fm shale. This is achieved using thermal
simulation, combining field emission scanning electron
microscopy (FE-SEM) observation, N2 adsorption, X-ray
diffraction mineral analysis, organic carbon analysis, rock
thermal analysis, and other methods, based on in-situ SEM
characterization. The overall goal is to clarify the thermal
evolution process of the shale and to improve basic geological
understanding of shale oil.

GEOLOGICAL BACKGROUND AND BASIC
INFORMATION OF SAMPLES

Located in Northeast China, the Songliao Basin is a large
depression petroliferous basin in which vast amounts of OMR
shales were deposited during the Cretaceous. The Cretaceous NJ
Fm is an important source rock series in the basin. It is divided
into five sections from bottom to top, with the largest lake area
during the deposition stage being 11.2 × 104 km2. Shales in the
first and second members of the NJ Fm are the most developed,
with thicknesses of up to 200 m (Figure 1). The OM types are
mainly type-I and type-II1, with total organic carbon (TOC)
ranging from 0.14 to 14.4% (the average is 2.4%). Due to its low
thermal evolution, the NJ Fm shale has low vitrinite reflectance
(Ro), with values ranging from 0.40 to 0.68% (Zheng et al., 2015).

The sample for the experiments in this study was taken from
low-mature shale of the NJ Fm in well A in the slope area of the
Sanzhao sag in the Songliao Basin. The Ro and TOC values are
0.58 and 9.3% respectively, with quartz, K-feldspar, albite, clay
minerals, and pyrite contents of 52.2, 1.1, 4.8, 4.8, and 4.2%
respectively. Illite-smectite and illite are the dominant clay
minerals, with contents of 61 and 34% respectively. Chlorite
content is 5% (Table 1).

EXPERIMENTAL METHOD

Physical Simulation Equipment and
Procedure
Simulation was carried out using a high-temperature simulation
device at the National Energy Tight Oil and Gas R and D Center.
The simulation was based on the relationship between the
vitrinite reflectance and thermal simulation temperature of the
sampled shale and those of modern lacustrine mud (which were
established by Wu et al. (2015)). The temperature increments
were set to 250°C, 350°C, 450°C, and 550°C, with corresponding
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Ro set to 0.6, 1.3, 2.0, and 2.7% respectively (Figure 2). The
original sample is extremely fragile, so great care had to be taken
when preparing it to avoid cracking. The physical simulation
experiment was therefore performed without external pressure.

The samples were divided into block and powder samples.
The block samples were used for SEM analysis, and the powder
samples for geological experiments and pore structure analysis.
In order to ensure the scientificity of the experiment, the block
and powder samples were both subjected to the same physical
evolution process. The specific experimental process is as
follows: 1) Sample preparation: prepare samples in 1 × 1 cm
square blocks, with 2–3 mm thickness—argon ion polished but
not carbon-coated—then prepare 120 g as powder, crushed to
200 mesh. 2) Select the region of interest for SEM imaging and
take photos, then remove 30 g of the powder sample for
nitrogen adsorption testing and TOC, pyrolysis, and X-ray
diffraction mineral analysis. The results are labelled as
‘original sample’ data. 3) Select another 30 g of the powder
sample and place the block sample and the powder sample
together in the thermal simulation device, with the temperature
set to 250°C and the heating rate to 2°C/h. The temperature is
kept constant for 8 h once 250°C is reached. 4) remove both the

block and the 30 g powder samples. For the block sample, the
same region as step 2) is selected for in-situ SEM observation.
For the 30 g powder sample, a second set of tests is performed,
including nitrogen adsorption, TOC, pyrolysis, and X-ray
diffraction mineral analysis. The results are labelled as
“250°C sample” data. 5) Steps 3) and 4) are then repeated
with the temperature set successively to 350°C, 450°C, and
550°C, maintaining the same heating rate and constant
temperature holding time in each instance. In-situ SEM
analysis, nitrogen adsorption, TOC, pyrolysis, and X-ray
diffraction minerals analysis are carried out in sequence. The
results are labelled as “350°C sample”, “450°C sample”, and
“550°C sample” data.

In-situ SEM observation technology has previously been used
in materials research, such as battery and composite metals
(Tsurekawa et al., 2009; Uetsuji et al., 2002; Motoyama et al.,
2015). A few studies have used the technology to study shale
reservoirs (Wu, et al., 2015; Wu, et al., 2019; Cui, et al., 2012). It
should be noted that in-situ SEM analysis effects comparative
analysis by repeatedly observing the same region of the same
sample, using SEM at the same magnification, as it is subjected to
different thermal evolution conditions.

FIGURE 1 | Location map (A) and strata column (B) of the study area.
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Mineralogy, Organic Geochemistry, and
Pore System Characterization
The TOC and rock pyrolysis experiments were performed in the Key
Laboratory of PetroleumGeochemistry of China National Petroleum
Corporation (CNPC). The laboratory’s CS-i carbon-sulfur analyzer
instrument was used to test the TOCof the 200mesh powder samples
under normal temperature and pressure conditions. A ROCK-
EVAL6 pyrolysis instrument was used to carry out rock pyrolysis
analysis of the 200 mesh powder samples. S1 was tested at a constant
temperature of 300°C for 3min, and S2 at a rising temperature rate of
25°C/min within the temperature range 300°C–650°C.

X-ray diffraction mineral analysis was carried out in the Key
Laboratory of Oil and Gas Reservoirs, CNPC. The 200-mesh
powder sample was analyzed using a Rigaku X-ray diffractometer.
A SmartLab instrument was used for XRD non-clay minerals
analysis, and the experiment was completed using a working
voltage of 45 kV and a working current of 150 mA. A TTR
instrument was used for XRD clay minerals analysis, with a
working voltage of 48 kV and a working current of 100 mA.

FE-SEM analysis was carried out in the National Energy Tight
Oil and Gas R andD Center using an Apreo FE-SEM instrument
from FEI Inc. The working voltage was 2.00 kV and the working
distance 4.0 mm. To ensure absolute precision, the electron
microscope sample was not carbon coated.

The low-temperature nitrogen adsorption experiment was
conducted at Peking University using an ASAP2020
instrument, using shale powder samples with a particle size of
200 mesh. The surface area referred to the Brunauer-Emmett-
Teller (BET) surface area, and the desorption curve was selected
to calculate the volume and size of pores according to the Barret-
Joyner-Halenda (BJH) theory.

EXPERIMENTAL RESULTS

Mineral Evolution
XRDmineral analysis shows that the minerals in the NJ Fm shales
undergo different changes with increasing temperature during
thermal evolution (Table 1; Figure 3).

Evolution Characteristics of Non-clay Minerals
Between room temperature (about 20°C) and 250°C, the quartz
content increases from 52.2 to 61.5%, then remains nearly stable
between 250°C and 350°C but gradually decreases once the
temperature exceeds 350°C (Table 1; Figures 3A). The content of
K-feldspar and plagioclase shows good consistency, increasing slowly
in tandem from room temperature to 350°C, then slowly decreasing
between 350°C and 450°C, before slightly increasing again between
450°C and 550°C (Table 1; Figures 3B). From room temperature to
350°C, the content of pyrite decreases continuously until the
temperature reaches 450°C, when it completely disappears as it
transforms into hematite (Table 1; Figures 3C).

Evolution Characteristics of Clay Minerals
Like the evolution of non-clay minerals, the evolution of clay
minerals is also complicated: the overall content of clay mineralsT
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first decreases and then increases as the temperature increases
(Table 1; Figures 3D). During the thermal evolution process, the
content of illite-smectite mixed layers gradually decreases, before
disappearing as the temperature rises above 250°C. However, the
content of illite increases, with all clay minerals converting to illite
by the time the temperature reaches 450°C (Table 1; Figures 3E).
The change in chlorite content is relatively complicated. Chlorite
content initially decreases but then increases, with a substantial
increase between 250°C and 350°C, before disappearing
completely as the temperature exceeds 350°C (Table 1).

Evolution of Organic Geochemical
Parameters
The organic geochemical analysis results show that TOC, S1, and
S2 all decrease significantly with increase in the thermal

simulation temperature, with the most dramatic changes being
in the S1 and S2 values (Figure 4). Between room temperature and
250°C, TOC reduces by about 50%. Between 250°C and 350°C it
reduces by a further 65% before reducing almost to zero as the
temperature rises above 450°C (Table 1; Figures 4A). The
evolutionary sequences of S1, and S2 are similar to that of
TOC, with S1 and S2 values decreasing from 0.69 mg/g to
0.08 mg/g and from 71.65 mg/g to 0.44 mg/g respectively, and
S1 decreasing to 0.03mg/g at 350°C (Table 1; Figure 4B,C).

Pore Structure Evolution
In-situ Scanning Electron Microscopy Analysis
The thermal evolution of pores related to inorganic minerals and
OM was investigated using high-resolution in-situ SEM analysis. As
mentioned, in-situ SEM achieves comparative analysis by observing
the same region of the same sample, using SEM at the same

FIGURE 2 | Relationship between simulated temperature and measured vitrinite reflectance (Ro) (modified after Wu et al., 2015).

FIGURE 3 | Changes of mineral content at different temperatures. (A)-Quartz, (B)-Feldspar, (C)-Pyrite, (D)-Clay minerals, (E)-Illite.
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magnification, at different stages of thermal evolution. Related
geochemical and porosity tests were carried out at the same time.

1) Porosity related to inorganic minerals

The overall change in inorganic minerals is relatively small,
with different minerals changing in different ways during thermal
evolution. Pores related to plagioclase are mostly plagioclase
intragranular pores (Figure 5A1). Oil can be observed in these
pores as the thermal evolution temperature increases
(Figure 5A2), with the pores being least developed at 350°C,

and then increasing between 450°C and 550°C (Figure 5A4,5A5).
Compared with plagioclase, intra/intergranular pores are barely
developed in quartz. It is observed that pores at the granular edges
of the quartz, surrounding by OM, increase with thermal
evolution (Figure 5B1–B5). Intragranular pores of clay
minerals develop (Figure 5C1), increasing with thermal
evolution. Between 250°C and 350°C, intergranular pores of
clay minerals increase rapidly, with the maximum pore
volume occurring at 450°C (Figure 5C2–C5). Intergranular
pores of pyrite grains are filled with OM (Figure 5D1). As the
temperature increases, OM between pyrite crystals generates

FIGURE 4 | TOC (A), S1 (B), and S2 (C) changes at different temperatures.

FIGURE 5 | SEM images of different minerals at different temperatures. (A) series are plagioclase, (B) series are quartz, (C) series are clay minerals, (D) series are
pyrites. Pl-plagioclase, Qz-quartz, OM-organic matter, Po-pore, Cl-clay minerals, Py-pyrites.
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hydrocarbons, creating new pores. Meanwhile, the pyrite crystals
become smaller so that intergranular pores tend to increase
(Figure 5D2–D5).

2) Pores related to OM

OM is abundant in the OMR shales of the NJ Fm, distributed in
lumped, striped, and filling patterns (Figure 6). The OM can be
divided into two types according to whether or not it contains
pores. Some studies have found that shales with low maturity tend
to have more OM-hosted pores than mature shales (Loehr et al.,
2015; Wu Z. et al., 2020; Mark, E. et al., 2012). However, other
studies have observed many OM-hosted pores in mature shales
(Xu et al., 2020a, Xu et al., 2020b, Passey et al., 2010; Milliken et al.,
2012, 2013). The pores are irregularly distributed within the OM
(Figure 6-A1) and probably come from terrestrial woody debris
(WuZ. et al., 2020). It is difficult to determine whether OMwithout
pores is bitumen or kerogen. In pores with OM, (Figure 6-A1), the
pores gradually increase between room temperature and 250°C. At
350°C, the OM has pyrolyzed thoroughly and has nearly
disappeared (Figure 6-A3, A4, A5). A pyrite grain was briefly
observed at 450°C, but disappeared at 550°C (Figure 6-A4,A5).
This was probably due to collapse of existing pyrite during thermal
evolution rather than generation of new pyrite. For OM without
pores, microcracks develop between OM and minerals when the
sample is heated to 250°C (Figure 6-B1-B2, C1-C2, D1-D2). The
microfractures are more developed when the temperature reaches
350°C (Figure 6-B3, C3, D3). However, the OM is almost
completely decomposed when the sample reaches a high-/over-

mature stage at 450°C–550°C, with almost all the OM being
transformed into pores (Figure 6-B4-B5, C4-C5, D4-D5).

Since there are obvious changes in OM during thermal
evolution, image analysis was performed to quantify the
variation. The same region of the SEM images was selected at
different temperatures and the surface area, pore numbers, and
distributions of pores with different sizes were calculated using
Avizo software (Figure 7). Statistical analysis was performed on
the results. The black areas represent OM (Figure 7-A1-E1) and
the blue areas represent pores (Figure 7-A2-E2). Porosity
increases considerably between the starting temperature and
550°C (Figure 7-A2-E2). The results show that plane porosity
increases from 0.33% (original) to 7.45% (550°C) during thermal
evolution. Generally, both the equivalent pore diameter and the
total surface of large pores increase with thermal evolution. From
room temperature to 550°C, the peak value of equivalent pore
diameter increases from 300 to 400 nm to more than 800 nm, and
the surfaces of pores with diameters of 300–400 nm decrease from
53.24 to 10.26%. The surface areas of pores with diameters greater
than 800 nm increase from 14.93 to 69.11% (Figure 7-A3, B3, C3,
D3, E3). In terms of pore amounts, pore diameters in the original
sample are concentrated in the range 300–400 nm, and the
number of pores increases from 271 to 20981 (Figure 7-A4,
B4, C4, D4, E4). This reveals that the number of larger OM pores
increases during the thermal evolution process.

Nitrogen Adsorption
Quantitative evaluation of pores with diameters of less than
200 nm is based on nitrogen adsorption experiments. The

FIGURE 6 | SEM images of OM at different temperatures. OMP-OM pores, SC-shrinkage crack.
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results in this study show that more than 65% of the pores in the
samples have diameters of between 2 and 50 nm. As the simulated
temperature increases, overall pore volume also gradually
increases (Figure 8). Between room temperature and 550°C,
the BJH pore volume increases from 0.04510 cm3/g to
0.1433 cm3/g, an increasing ratio exceeding 317%. The BET
surface area increases from 15.3073 m2/g to 22.805 m2/g, an
increasing ratio of 148%.

From the perspective of BJH pore volume, the original samples
have two peaks of pore diameters, at 3.92 and 45.74 nm, with the
3.92 nm peak being higher (Figure 8-A1). When the temperature
increases to 250°C, the 3.92 nm peak reduces, the proportion of

macropores increases, and a single pore peak develops at a
diameter of 45.45 nm (Figure 8-B1). Between 250°C and
350°C, the volume of mesopores further increases, and overall
pore volume increases, with a pore diameter of about 30 nm
(Figure 8-C1). At 450°C, the volume of pores with a diameter of
22.9 nm further increases (Figure 8-D1). As the temperature rises
to 550°C, the volume of pores with diameters greater than 80 nm
increases, while the volume of pores with diameters of about
20 nm decreases significantly (Figure 8-E1). During the entire
thermal evolution process, the main peak of BJH pore volume
remains between diameters of 40–50 nm, and the change point of
BJH pore volume appears at diameters of 18–20 nm.

FIGURE 7 | Plane porosity of shale samples at different temperatures shown by image analysis. (A) series are original samples, (B) series are samples at 250°C, (C)
series are samples at 350°C, (D) series are samples at 450°C, and (E) series are samples at 550°C.
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Analysis of BET surface area shows that the original sample
has a single-peak distribution, with pore diameters of 3–4 nm
(Figure 8-A2). When heated to 250°C, BET surface area shows a

bimodal distribution, with corresponding peaks at diameters of
3.88 and 45.45 nm (Figure 8-B2). In the subsequent thermal
evolution process, at temperatures between 250°C and 350°C, this

FIGURE 8 | BJH pore volume and BET surface area distribution at different temperatures. (A)-original sample, (B)-250°C, (C)-350°C, (D)-450°C, (E)-550°C.
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pattern is still basically maintained (Figure 8-C2). Overall BET
surface area distribution reverts to a unimodal distribution
between 450°C and 550°C, with the peak corresponding to a
diameter range of 50.27–41.96 nm (Figure 8-D2, 7-E2).

Combining the accumulation curves of BJH pore volume and
BET surface area for the original sample, a sudden increase
appears at a diameter of 4.49 nm in both curves. Pores with
diameters of 3.44–4.49 nm appear to contribute most of the
porosity. Following thermal evolution, sudden increases in the
cumulative curves of both BJH volume and BET surface area
appear at a point corresponding to pores of about 90 nm
diameter, with pores with diameters of 20–90 nm contributing
greatly to porosity. This indicates that, overall, pores become
larger during the evolution process. The BJH pore volume
increases to 3.2 times the original volume as the temperature
increases from 20°C to 550°C.

To find the law of pore variation during thermal evolution,
further analysis was performed. The relationships between pore
volume and temperature show different features for pore sizes in
different ranges. The thresholds are 18 and 50 nm (Figure 9). Pores
within the diameter range of 18–50 nm contribute most to overall
pore volume, a proportion which increases with increase in
temperature, with a high degree of correlation. The volume of
pores with a diameter of less than 18 nm increases initially but
then decreases with increasing temperature, showing a relatively
good correlationwith temperature change. The volume of pores with
diameters of more than 50 nm initially increases and then decreases
with increasing temperature, but with a low degree of correlation.

DISCUSSION

Mineral Evolution Characteristics
The overall content of minerals such as quartz and feldspar
changes only slightly during the thermal evolution of OMR
shales, but the clay minerals content changes considerably
(Wu et al., 2015; 2019). In this study it is found that contents
of minerals such as quartz and feldspar in the OMR shales of the
NJ Fm are relatively stable during thermal evolution. Although
the XRDmineral content increases at first and then decreases, it is
generally consistent. The content of clay minerals drops between
room temperature and 250°C, but increases continuously above
250°C (Figure 3). Clay minerals, particularly illite, show an
overall increasing trend, which is consistent with previous
research results (Cui et al., 2012; Wu et al., 2015; Xu XY.
et al., 2021). Due to low thermal evolution, the clay mineral
content consists mainly of illite-smectite mixed layers which
transform into illite between room temperature and 250°C.
During this process, Si4+ ions are released which provide
source material for authigenic quartz, which leads to an
increase in quartz content. Between 250°C and 350°C, given
that a large proportion of the illite and illite-smectite mixed
layers has already been converted into illite, fewer Si4+ ions are
released and the quartz content tends to stabilize. Meanwhile,
pyrites partially crack due to the high temperature, releasing Fe2+,
Fe2+ andMg2+ ions which combine with other substances to form
chlorites. There is therefore a significant increase in the content of
chlorite at 350°C (Figure 3). As the temperature increases from

FIGURE 9 | Cumulative BJH pore volume and cumulative BET surface area characteristics of samples at different temperatures. A\C-Temperature vs BJH pore
volume, B\D-Temperature vs BET surface area.
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350°C to 450°C, quartz partially cracks so the quartz content
decreases, and more non-clay minerals are transformed into clay
minerals leading to increasing clay minerals content. At the same
time, clay minerals are transformed into illite and chlorite, with
the chlorite produced also finally transforming into illite due to
the high temperature. The quartz content reduces further
between 450°C and 550°C, with only a few of the released Si4+

ions being converted into clay minerals, while the remainder are
partially converted into feldspar.

Organic Matter Evolution
The genesis of OM pores is extremely complicated (Curtis et al.,
2012b; Cardott et al., 2015;Mastalerz et al., 2013; Bernard et al., 2012;
Bernard and Horsfield, 2014) and is beyond the scope of this study,
which focuses on OM and OM-related pores. During the high-
temperature and high-pressure evolution of OMR shales, the
contribution of OM to pores is greater than that of changes in
mineral composition (Loucks et al., 2009; Jarvie et al., 2007). The in-
situ SEM analysis results confirm that OM in the OMR shales in the
NJ Fmmakes a similar contribution. At relatively low temperatures,
lumped, striped, and filling OM (Figure 6-B1, C1, D1) seems to be
more sensitive to temperature than OM with OM-hosted pores
(Figure 6-A1). This is because the lumped, striped, and filling OM is
likely to be related to bitumen, while OM with OM-hosted pores is
probably residual kerogen which pyrolyzes less easily. Obvious heat
shrinkage cracking can be observed between room temperature and
250°C (Figure 6). This is because the OM is entering the oil-

generation window, so it begins to crack and generate
hydrocarbons (Hou et al., 2021b; Ma et al., 2020; Hou et al.,
2020). It is observed that OM pyrolysis begins at the contact
boundary with other minerals. When the OM enters the gas-
generation window at 350°C, following initial cracking and
hydrocarbon generation, the occurrence of pyrolysis becomes
more obvious and produces a large number of new pores.
Almost all of the OM is completely decomposed by the time it
enters the high-/over-mature stage at 450°C, and the spaces
originally occupied by OM have almost completely changed into
pores (Figure 6). The BJH pore volume of the sample increases by a
factor of x3.2 as the temperature increases to 550°C. It can be
concluded that the thermal evolution process of solid OM in shale
follows the hydrocarbon generation law of source rocks, and that the
generation of large numbers of OM pores is controlled by the oil-
and gas-generation windows.

Pore Evolution Model
As mentioned, the pores of the original shale samples consist of
clay minerals inter/intragranular pores, feldspar dissolution
pores, and pyrite intergranular pores, with only a few OM
pores. It is easily established that minerals such as quartz and
feldspar do not change significantly during thermal evolution
(Figure 8). However, clay minerals and OM change markedly.
Single factor analysis confirms that the contents of quartz,
K-feldspar, and plagioclase are not strongly correlated with
pore volume (Figure 10). The original sample contains diverse

FIGURE10 |Relationship among different minerals and pore volume. (A)-clayminerals vs pore volume, (B)-feldspar vs pore volume, (C)-pyrite vs pore volume, (D)-
plagioclase vs pore volume.
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pore types, the range of pore sizes is wide, and the pores can be
classified in three ranges—<18 nm, 18–50 nm, and
>50 nm—according to pore size. It is found in this study that,
except for illite, the content of other minerals has little effect on
pore volume (Figure 11), which confirms the positive
contribution of clay mineral evolution to increasing porosity
during thermal evolution. Moreover, the content of illite has a
strong correlation with pores with diameters in the range
18–50 nm. As the content of illite increases, the volume of
pores with diameters in this range increases linearly, with good
correlation. Based on previous results, it can be concluded that
quartz and feldspar contribute little to porosity, while OM and
clay minerals, particularly illite, contribute significantly.

From the perspective of pore size, the pores in the original sample
are mostly in the ranges 3–5 nm and 20–180 nm, with a marked
‘bimodal’ distribution. After thermal evolution, the 20–280 nmpores
are more developed, with pores in the range 18–50 nm showing the
most obvious change. It is observed that pores in low-mature shale
become larger during thermal evolution and become dominated by
mesopores. Combined with the FE-SEM image analysis results, the
porosity of the sample at five temperature points—room
temperature, 250°C, 350°C, 450°C, and 550°C—is 0.04, 0.33, 1.36,
6.96, and 7.45% respectively (Figure 7). It should be noted that there

may be disagreement between the porosity change results given by
nitrogen adsorption and image analysis, principally in two aspects: 1)
The porosity results from nitrogen adsorption and SEM image
analysis have the same overall change trend; both increasing with
increasing temperature. However, the overall change trend of
porosity according to nitrogen adsorption is slow, and the critical
period of porosity increase is between room temperature and the oil-
generation window (250°C) (Figure 8-A1, B2; Figures 9–A,B).
Image analysis results show two critical periods; one between
room temperature and the oil-generation window (250°C)
(Figure 7-A2、B2), and another between the gas-generation
window (350°C) and 450°C (Figure 7-C2,D2). The likely
explanation for this is the difference in testing range between
nitrogen adsorption and image analysis. Nitrogen adsorption
testing is adapted to pores with diameters of 2–200 nm while the
range for image analysis is > 300nm. This means that the pores that
are detected in image analysis are larger than those detected by
nitrogen adsorption. Between the low-mature stage (room
temperature) and the mature stage (oil-generation window), OM
shrinkage pores with small sizes are detected by nitrogen adsorption.
However, once the OM enters the oil-generation window, and as it
evolves to a high-/over-mature stage, larger areas of the OM begin to
crack, forming larger pores that exceed the testing range of nitrogen

FIGURE 11 |Relationship between mineral contents and pore volumes. (A)-quartz vs pore volume, (B)-plagioclase vs pore volume, (C)-k-feldspar vs pore volume,
(D)-pyrite vs pore volume, E-clay minerals vs pore volume, F-illite vs pore volume, G-TOC vs pore volume,H-S1 vs pore volume, I-S2 vs pore volume.
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adsorption but fall within the range for detection by image analysis.
A sudden apparent increase in porosity following entry into the gas-
generation window can therefore be observed in the image analysis
results. 2) Nitrogen adsorption analysis results indicate that the
majority of pores are in the 18–50 nm range. If this were the case, the
porosity change of 18–50 nmpores should be consistent with change
of total porosity. However, it is found that the porosity of 18–50 nm
pores decreases while the total nitrogen adsorption porosity
continues to increase after 450°C (the high-/over-mature stage).
This may be because small pores merge into macropores, which are
beyond the range of nitrogen adsorption detection, but can be
identified by image analysis, which therefore shows an increase in
porosity above 450°C.

Based on this research, a pore evolution model for the OMR
shales in the NJ Fm is developed (Figure 12). The original sample is
dominated by inter/intra-granular pores of clay minerals at room
temperature (20°C).When the temperature is increased to 250°C, the
content of clay minerals decreases as the illite-smectite mixed layers
transform to illite, leading to an increase in illite content, while the
inorganic pores remain unchanged.Meanwhile, OM shrinks to form
shrinkage pores and cracks, a process that leads to a slight increase in
OM pores as well as an increase in total pore volume. During this
period, pores with diameters of 18–50 nm make the greatest
contribution to overall porosity. As the temperature is raised to
350°C, clay minerals are increasingly transformed into illite, and
inter/intra-granular and intercrystalline pores of illite increase. At the
same time, the OM is more intensively cracked by heat, so the
volume of OM pores increases markedly, producing a significant
increase in the total pore volume as the temperature rises towards
450°C. By the time the temperature reaches 450°C, almost all the clay

minerals have been transformed to illite, so the mineral contents
stabilize while the OM is still undergoing pyrolysis. OMpore volume
and total pore volume both increase, and the evolution of the entire
shale sample enters a peak period. At 550°C, the thermal evolution of
the sample is complete. The mineral content is stable and all of the
OM has been pyrolyzed, so the total pore volume has reached its
maximum.

CONCLUSION

1) The pore structure of lacustrine shales is complex, affected by
mineralogy and OM content as well as maturity. The shales of
the NJ Fm, with TOC of 9.3%, represent typical OMR shales in
lacustrine basins. The pore system is dominated by inorganic
mineral pores, including inter-granular dissolution pores of
plagioclase and inter/intra-granular pores of illite-smectite
mixed layers, with only a small number of OM pores.

2) Porosity increases continuously with maturity, and the pore
system varies at different maturity stages. The main
contributors to new pores are OM pores and clay mineral
pores. Clay mineral pores with diameters of 18–50 nm are the
principal contributors between the low maturity stage and the
oil-generation window. OM pores with diameters greater than
50 nm comprise the majority of generated pores between the
gas-generation window and the high-/over-mature stage.

3) Porosity evolution is controlled by illite content and OM
abundance. Total pore volume correlates positively with illite
content but negatively with OM abundance. From the low-
mature stage to the high-/over-mature stage, inter/intra-

FIGURE 12 | Porosity evolution model of OMR shales from NJ Fm.
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granular pores of illite are generated as clay minerals
consistently transform into illites. At the same time, OM is
continuously consumed to form large numbers of OM pores,
which leads to an incremental increase in overall porosity.
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