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a b s t r a c t

Organic matter (OM) hosted pores are crucial for the storage and migration of petroleum in shale res-
ervoirs. Thermal maturity and macerals type are important factors controlling the development of pores
therein. In this study, six lacustrine shale samples with different thermal maturities from the first
member of the Qingshankou Formation in the Songliao Basin, of which vitrinite reflectance (Ro) ranging
from 0.58% to 1.43%, were selected for a comparative analysis. Scanning electron microscopy (SEM) and
reflected light microscopy were combined to investigate the development of organic pores in different
macerals during thermal maturation. The results show that alginite and liptodetrinite are the dominant
primary macerals, followed by bituminite. Only a few primary organic pores developed in the alginite at
the lowest maturity (Ro ¼ 0.58%). As a result of petroleum generation, oil-prone macerals began to
transform to initial-oil solid bitumen at the early oil window (Ro ¼ 0.73%) and shrinkage cracks were
observed. Initial-oil solid bitumen cracked to oil, gas and post-oil bitumen by primary cracking
(Ro ¼ 0.98%). Moreover, solid bitumen (SB) was found to be the dominant OM when Ro > 0.98%, which
indicates that SB is the product of oil-prone macerals transformation. Many secondary bubble pores were
observed on SB, which formed by gas release, while devolatilization cracks developed on migrated SB.
Additionally, at the late oil window (Ro ¼ 1.16%), migrated SB filled the interparticle pore spaces. With
further increase in temperature, the liquid oil underwent secondary cracking into pyrobitumen and gas,
and spongy pores developed on the pyrobitumen at higher levels of maturity (Ro ¼ 1.43%), which formed
when pyrobitumen cracked into gas. Vitrinite and inertinite are stable without any visible pores over the
range of maturities, verifying their low petroleum generation potential. In addition, it was concluded that
clay minerals could have a catalytic effect on the petroleum generation, which may explain why organic-
clay mixtures had more abundant pores than single OM particles. However, after Ro > 0.98%, authigenic
minerals occupied the organic pore spaces on the organic-clay mixtures, resulting in fewer pores
compared to those observed in samples at the early to peak oil window.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
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1. Introduction

In recent years, shale oil and gas have become important re-
sources for petroleum exploration and development (Jarvie, 2012;
Liu et al., 2012; Curiale and Curtis, 2016). And CO2 storage in shale
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reservoirs is also of growing interest to slow down the processes of
climate change (Merey and Sinayuc, 2016). The interconnected
organic pore network is an important controlling of the reservoir
storage space and permeability in shale formations (Slatt and
O’Brien, 2011; Loucks et al., 2012; Liu et al., 2018; Ko et al., 2018).
The complexity and extent of the organic pore space is dependent
on the organic matter (OM) types, thermal maturity, mineral
composition and total organic carbon (TOC) content (Curtis et al.,
2012; Mastalerz et al., 2013; Pommer and Milliken, 2015;
Furmann et al., 2016; Ko et al., 2016; Knapp et al., 2020). Therefore,
evaluating OM transformation and its associated organic pores
during thermal evolution stage play a key role in shale reservoir
characterization.

The type or the origin of OM is an important controlling factor in
pore development. Curtis et al. (2012) reported that pores that are
developed adjacent to OM particles in the same sample could have
significant differences in their abundance, which is due to the
different types of OM follow specific evolutionary pathways during
thermal maturation. When OM is exposed to heat and pressure
during burial, its thermal maturity will progress and the oil-prone
macerals (bituminite, alginite and liptodetrinite) will be trans-
formed into secondary macerals-such as solid bitumen (SB) (Wood
et al., 2015; Misch et al., 2019). Vitrinite, inertinite and zooclasts
basically do not transform during thermal maturation because of
their low hydrocarbon generation potential (Misch et al., 2019). The
maceral types and abundance of the dominant components vary
under different sedimentary environments and thermalmaturation
(Liu et al., 2019a). Lamalginite is the most abundant primary
maceral while terrigenous OM is minor in the Songliao Basin
lacustrine shale samples (Zhang et al., 2021; Liu et al., 2022b).
Alginite derived from Tasmanites cysts and bituminite is the pri-
mary oil-prone macerals in the New Albany marine shale samples
(Liu et al., 2017a).

OM-hosted pores in black shales were normally divided into
primary and secondary organic pores (Pommer and Milliken, 2015;
Knapp et al., 2020). Primary organic pores are inherited from the
original organic material such as immature structured and amor-
phous OM (L€ohr et al., 2015). However, primary organic pores
appear to be less abundant in samples due to mechanical
compaction (Dong et al., 2017). Secondary organic pores are hosted
by SB or pyrobitumen (Liu et al., 2017a), while its shape and size are
easily affected by the degree of thermal maturity. Among them,
bubble pores are mostly developed in the oil window, and sponge
pores are mostly developed in the higher maturity stages (Reed
et al., 2020). Liu et al. (2022b) concluded that organic pores are
poorly developed in the immature-lowmaturity and early oil stage
while increasing greatly from peak oil maturity stage to late oil
maturity stage in the Songliao Basin. Nonetheless, all their studies
are not associated with organic pore evolution model of different
macerals. The organic pore network is also affected by the sur-
rounding inorganic minerals. The catalysis effect of clay minerals
can alter the temperature at which organic pores are formed and
makes it more complicated, so it does not follow general thermal
maturity rule (Lao et al., 1989). Meanwhile, some studies have also
shown that clay minerals can have a certain inhibitory effect on
petroleum generation (Liu et al., 2018).

Furthermore, to study nanometer-scale OM-hosted pores in
shales, scanning electron microscope (SEM) is the most used
method. However, OM appears black in SEM images, which
somehowmakes it difficult to distinguish maceral types using SEM
(Liu et al., 2022a) while optical microscopey can be used for this
purpose. Meanwhile, optical microscopes are limited in their
magnification, so that SEM-visible organic pores cannot be recog-
nized. Thus, correlative microscopy would be necessary to over-
come these issues which are done in a limited scope solely for the
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goal of assessing organic pore. Teng et al. (2022) combined SEM and
optical microscopy to study OM types and their control on the
development of organic pores in overmature shale samples from
the Longmaxi Formation in the Sichuan Basin of China. They found
that organic pores mainly exist in pyrobitumen in the overmature
stage. Liu et al. (2017a) combined SEM and reflected light micro-
scope to study the changes in organic pores in different types of OM
in shale samples from the New Albany Formation (USA) ranging
from early maturity to the gas window and found that primary
organic pores are mainly developed in inertinite, while secondary
organic pores are abundant in SB.

The Songliao Basin is one of the largest continental basins all
over the world (total area is about 260,000 km2), in which the
Upper Cretaceous Qingshankou shale is the most prolific source
rock (Bechtel et al., 2012; Bai et al., 2022; Zhou et al., 2022; Liu et al.,
2023a). The majority of the previous studies of maceral evolution
and its effects on the development of organic pores mostly were
carried out on marine shales, while only a few studies on lacustrine
ones without correlative microscopy in the oil generation window
were performed (Zhang et al., 2021; Liu et al., 2022a, 2023b).
Therefore, in this study, we combined SEM and optical microscopy
to investigate the development of organic pores in different mac-
erals in six lacustrine shale samples ranging from low to high
thermal maturity from the Qingshankou Formation in the Songliao
Basin. The main objectives are to analyze the evolution of macerals
and to observe the development of organic pores in different
macerals during thermal maturation.

2. Samples and methods

2.1. Samples

The Songliao Basin is a large Mesozoic-Cenozoic continental
petroliferous basin located in the northeast of China (Liu et al.,
2019c, 2023a; Wang B. et al., 2022). It has six first-order struc-
tural units, and the central depression is the main hydrocarbon
distribution area (Fig. 1a-b). The Qingshankou Formation was
deposited in a large lake influenced by periodic marine incursion
period, and the maximum area of the basin is about 8.7 � 104 km2

(Fig. 1d) (Liu et al., 1993, 2023a; Huang et al., 2013). The basin is
formed in a warm and humid paleoclimate, favorable for the
occurrence of deep to semi-deep lakes with anoxic reducing bot-
tom water environments conducive to the preservation and
enrichment of OM (Liu et al., 2019c). The formation contains a set of
dark organic-rich shales with a thickness of approximately 100 m.
The TOC contents are between 2.0 w.t.% and 8.7 w.t.% and the
kerogen type is mainly type I and type II. Thermal maturity (vitri-
nite reflectance, Ro) of the formation ranges between 0.5% and 1.6%
to ultimatelymake this formation an excellent shale play target (Bai
et al., 2021; Liu et al., 2021).

In this study, six organic rich dark shale core samples with
different depth were selected (Fig. 1c) to determine the existing
macerals and assess the evolution of organic pores at different
thermal maturity levels. Each sample was homogenized into
several aliquots for different analysis, including TOC analysis, rock
pyrolysis (Rock-Eval), reflected light microscope and SEM
observation.

2.2. Methods

2.2.1. TOC and Rock-Eval pyrolysis
The TOC was measured using an Eltra Helios CS elemental

analyzer on samples pre-treated with hydrochloric acid to remove
carbonates (Liu et al., 2017b). The standard procedures of Rock-Eval
pyrolysis was performed following Liu et al. (2019c) and



Fig. 1. Map showing the location of the Songliao Basin. (a) Study area (Central depression) (b) the location of the sampling sites (c) General lithologic stratigraphy of the Songliao
Basin (d) (modified from Liu et al., 2019c).
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geochemical parameters including S1, S2, S3, Tmax, Hydrogen Index
(HI ¼ 100 � S2/TOC) were obtained accordingly. S1 represents the
free hydrocarbon in the sample, S2 represents the pyrolysis yield
and is an indicator of the remaining generation potential, and S1þS2
represents the total hydrocarbon potential (Jarvie, 2012). Tmax is the
temperature at the maximum of the S2 peak and can be used to
evaluate thermal maturity (Langford and Blanc-Valleron, 1990).

2.2.2. Reflected light microscope
The maceral classification and terminology applied in this study

are based on the International Committee for Coal Petrology (ICCP)
System (vitrinite classification, ICCP, 1998; inertinite classification,
ICCP, 2001; liptinite classification, Pickel et al., 2017). Maceral types
were identified using optical microscopy in reflected light and
fluorescence modes (Taylor et al., 1998). Whole-rock pellets were
cut from the samples perpendicular to the bedding planes and
polished, and analyzedwith a Leica DM-RXPþ Q550IWmicroscope
using both reflected light and oil immersion. 20 � and
50 � objectives were used with white light and fluorescence,
respectively, to observe the reflected light color, intensity and
structural morphology of the macerals and SB. The random Ro of six
shale samples were measured under a Zeiss axio image Z1 multi-
functional microscope following ASTM (2014).

2.2.3. SEM
The six shale samples were analyzed by a Zeiss Sigma SEM
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coupled with an Oxford X-Max 50 N energy-dispersive X-ray
spectroscopy (EDS) detector. Blocks of 1 � 1 cm2 and 0.5 cm in
height were cut perpendicular to the bedding direction from the
shale samples. After mechanical polishing, argon ion mill was
performed on the surface using an America Gatan 697C ion
polisher, which removed the artificial pits generated during the
mechanical polishing process. The working voltage of the argon ion
polisher was 6 kV and the grinding time was 1.5 h. The SEM work
was carried out in the vacuum mode with the accelerating voltage
of 10e20 keV and 20 nA.

To identify and examine the macerals using SEM the following
procedure was used: first, a general knowledge of thermal maturity
and original OM composition of the samples is obtained (Liu et al.,
2019b, 2022a). Then, at lowmagnifications (100e2000 � ) in back-
scattered electron (BSE) mode, the primary macerals and SB were
identified based on the shape and size of the OM particles and their
contact correlationwith the surroundingminerals. Subsequently, at
higher magnifications (2000e15000 � ), the maceral types were
confirmed and their morphology and pore development were
observed. To avoid the electric charge effect, the shale samples
were fixed on the sample holder with conductive glue and coated
with 13 nm gold to enhance the conductivity. Additionally, a high-
resolution energy spectrum detector was used for elemental anal-
ysis of inorganic minerals while the concentration of carbon
element can confirm the presence of OM. The working voltage of
the energy dispersive ray was 10 kV, and the total time was more



Fig. 2. Crossplot of Tmax versus hydrogen index (HI) (according to Espitali�e et al., 1984)
with proposed kerogen types and maturity of the six samples.
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than 20,000 s. This provided us with elemental maps from the
surface to evaluate mineral phases accompanying the OM.

3. Results

3.1. Bulk geochemical parameters

The bulk geochemical parameters of the six samples are listed in
Table 1. The TOC values vary from 3.26w.t.% to 5.13w.t.%. The values
of S1 vary from 1 mg/g to 4.97 mg/g, and the values of S2 vary from
7.38 mg/g to 31.25 mg/g. Moreover, hydrocarbon potential (S1þS2)
of the samples was calculated from 10.93 mg/g to 36.49 mg/g.
Thermal maturity of the sample, Ro was measured to change from
0.58% to 1.43% indicating a wide range of thermal maturities. Ac-
cording to Liu et al. (2022b)’s division of hydrocarbon generating
evolution stage of the Qingshankou Formation shale, the samples
can be assigned to five maturity categories. Sample A (Ro ¼ 0.58%)
and B (Ro ¼ 0.69%) are at low mature stage (Ro < 0.7%), the mature
stage (Ro ¼ 0.7%e1.4%) can be further sub-divided into three sub-
stages: early oil maturity (Ro ¼ 0.7%e0.85%), peak oil maturity
(Ro ¼ 0.85%e1.1%), and late oil maturity (Ro ¼ 1.1%e1.4%). Sample C
(Ro ¼ 0.73%) is at early oil mature stage, sample D (Ro ¼ 0.98%) is at
peak oil mature stage, sample E (Ro ¼ 1.16%) is at late oil mature
stage and finally sample F (Ro ¼ 1.43%) is at high mature stage
(Ro ¼ 1.4%e2.0%). The HI values were measured to vary from
206 mg/g to 775mg/g. The Tmax values were measured from 449 �C
to 460 �C, also confirming a wide maturity range of the samples
from almost immature to the end of the wet gas window as was
found from the Ro result. The cross-plot of Tmax versus HI (Fig. 2)
shows that the OM of the Qingshankou Formation shale is domi-
nated by type I kerogen.

3.2. Petrographic analysis of the OM

3.2.1. Low mature samples
At the low mature stages (Ro ¼ 0.58%e0.69%), the primary

macerals are alginite, bituminite and liptodetrinite. The precursors
of alginite include unicellular, solitary, or colonial algae of plank-
tonic and benthic origin. Alginite can be further divided into
telalginite and lamalginite. Lamalginite is usually distinguished
from telalginite by its thickness (< 0.005 mm), thickness/length
ratio (< 0.5), and whether it has internal plant structure (Pickel
et al., 2017). In this study, the size of alginite is generally < 5 mm
in thickness and > 50 mm in lateral extent, the ratio of thickness to
length of < 0.5 and no plant cell structure was observed in its
interior (Fig. 3a-b, i-j). So, it is interpreted as lamalginite. Bituminite
is the microbial degradation product of phytoplankton,
zooplankton, and bacterial biomass (Kus et al., 2017; Pickel et al.,
2017; Liu et al., 2020), it has no specific form. It can occur as
irregular shape and elongate or fine laminations with mineral
matrix. The length of it is 2 mm (Fig. 3e-f). Liptodetrinite is a maceral
of the liptinite group consisting of extremely small particle, which
composes of spores, pollen, particularly algae that have been
Table 1
Bulk geochemical parameters and dominant macerals type of samples from K2qn1 Form

Sample
number

TOC, w.t.% S1, mg/g S2, mg/g Tmax, �C S1þS2, mg

A 3.48 1.00 26.81 449 27.81
B 3.82 2.06 29.63 450 31.69
C 3.88 2.81 28.29 450 31.10
D 5.13 4.97 31.52 457 36.49
E 3.26 4.11 15.26 458 19.37
F 3.58 3.55 7.38 460 10.93
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chemical-microbiological decomposition (Pickel et al., 2017). The
size is often only 2e3 mm in lateral extent with threadlike struc-
tures (Fig. 3b, j). In reflected white light, lamalginite is brown
(Fig. 3a, i), and bituminite is almost black (Fig. 3e), while liptode-
trinite cannot be identified. It is because the reflectance of lipto-
detrinite is < 0.1% in low maturity rocks (Pickel et al., 2017). In
incident fluorescence illumination, lamalginite is yellow to orange
and liptodetrinite is greenish yellow to orange (Fig. 3b, j). Bitu-
minite do not fluoresce in the low mature stage (Fig. 3f).

Only minor amounts of the vitrinite and inertinite were found
(Fig. 3c-d, g-h). The color of vitrinite is dark gray under reflected
white light (Fig. 3c, g) and red-brown to black in fluorescence
illumination (Fig. 3d, h), and its length ranges between 10 and
60 mm and the width is about 5 mm. Inertinite is greyish white to
yellowish-white under reflected light (Fig. 3c) and weakly fluo-
rescent (Fig. 3d), exists in irregular shapes, with 10 mm in length
and 1 mm in width.

The SB occurs in the form of initial-oil solid bitumen (Fig. 3k-l),
which is the product of the bitumen that is generated from primary
ation.

/g HI, mg/g Ro PI Dominant
macerals type

771 0.58% 0.036 Liptodetrinite and Lamalginite
775 0.69% 0.065 Liptodetrinite and Lamalginite
730 0.73% 0.090 Liptodetrinite and Lamalginite
615 0.98% 0.136 Solid bitumen
468 1.16% 0.212 Solid bitumen
206 1.43% 0.325 Solid bitumen and Pyrobitumen



Fig. 3. Photomicrographs of macerals in reflected white light (a, c, e, g, i, k) and in fluorescence mode (b, d, f, h, j, l) using oil immersion objective. Ro ranges from 0.58% to 0.69%. LA:
Lamalginite, Bit: Bituminite, Lip: Liptodetrinite, I: Inertinite, V: Vitrinite.
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thermal cracking of kerogen (Sanei, 2020). The generated initial-oil
solid bitumen shows dark black in the reflected light and no
fluoresce (Fig. 3k-l), often occupying the place of precursor OM or
migrate to pores and fractures in a short distance rather than long
distance or regional migration.
3.2.2. Mature samples
At the early stages of oil generation (Ro ¼ 0.73%), the fluores-

cence of lamalginite has altered from the original yellow to dull
orange while the fluorescence of the liptodetrinite has changed to
orange (Fig. 4a-b). Bituminite is still mixed with the mineral matrix
and appears black under reflected white light (Fig. 4e). A small
amount of SB is formed, with a length of 30 mm and awidth of 5 mm
(Fig. 4c-d). At the peak oil generation (Ro¼ 0.98%), the content of SB
has increased significantly, and become the dominant organic
component, but does not show any fluorescence (Fig. 4f-g). Only a
few of liptodetrinites were observed, with dull orange fluorescence
2713
and a length of about 20 mm (Fig. 4g). At the late stages of oil
generation, alginite, bitiminite and liptodetrinite were not
observed and SB is still the principal organic constituent and
distributed within the mineral matrix (Fig. 4j).
3.2.3. High mature samples
At higher thermal maturity stage (Ro ¼ 1.43%), SB is the domi-

nant OM filling the mineral interparticle pores (Fig. 4l). Alike lower
maturity samples, vitrinite and inertinite were minor constituents
of the OM and are distributed in fragmented discrete forms (Fig. 4c-
d, h-i, k).
3.3. SEM observations

3.3.1. Organic pores
At the low mature stages (Ro ¼ 0.58%e0.69%), OM is mostly

elongated or linearly distributed along theminerals boundaries and



Fig. 4. Photomicrographs of macerals in reflected white light (a, c, e, f, h-l) and in fluorescence mode (b, d, g) using oil immersion objective. Ro ranges from 0.73% to 1.4%. LA:
Lamalginite, Bit: Bituminite, Lip: Liptodetrinite, I: Inertinite, V: Vitrinite.

L. Wang, B. Liu, L.-H. Bai et al. Petroleum Science 20 (2023) 2709e2725
no primary pores were found (Fig. 5a, f). The surrounding mineral
composition varies and can include quartz, clay minerals, carbon-
ate, and pyrite. A small part of the OM exists in the mineral matrix
as isolated forms, ranging from10 to 20 mm in length and 3e5 mm in
width, while organic pores were rarely found (Fig. 5b, e). OM-clay
complexes show irregular shape, with length ranging between 2
and 30 mm (Fig. 5c-d, g-h). In these OM particles, isolated pores
with irregular aggragated shapes at nanometer-scale were
observed in the OM (Fig. 5d, h).

At the early oil generation stage (Ro ¼ 0.73%), the OM shrinks
and the cracks consistent with the shape of the OM appears at the
edges (Fig. 5j, l). Furthermore, at the peak oil window (Ro ¼ 0.98%),
the existing forms of OM can be divided into two separate types:
one is similar to what was observed in the isolated OM at the low
thermal maturity, with a length of 25 mm and which is devoid of
pores (Fig. 6e). While the other is the OM that is associated with
clay minerals or quartz which contains bubble pores (Fig. 6b), with
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some of them being connected or fused together (Fig. 6c). The
bubble pores occur in high abundance, and they can be up to
several micrometers in size. The OM surrounded quartz grains, and
micro-fractures are developed at the edges of the OM and quartz
particles (Fig. 6a, d). At the late oil maturity stage (Ro ¼ 1.17%), the
pores developed in the OM that is associated with minerals are less
abundant compared to those in the peak oil generation window,
and the pores are filled by OM (Fig. 6f-g).

In the high-maturity sample (Ro ¼ 1.43%), abundant spongy
pores are evident in the OM and the diameter of the pores was
found between 10 nm and 100 nm (Fig. 7a-b). Ultimately, a com-
bination of OM with quartz as well as isolated OM are recognized,
but they lack organic pores (Fig. 6h-i).
3.3.2. Inorganic pores
The development of organic pore network is influenced by

surrounding inorganic minerals and diagenesis. Therefore, it is



Fig. 5. SEM images showing types of OM and organic pores from lowmature to the early oil window stage. Black arrows are OM types as well as mineral types and white arrows are
organic pore types. The Ro of a-d SEM images is 0.58%, e-h is 0.69%, i-l is 0.73%. (a) Lamalginite without organic pores. (b) Terrestrial OM (inertinite or vitrinite) without organic
pores. (c) Bituminite and liptodetrinite without organic pores (d) Scattered organic pores developed within alginite. (e) Terrestrial OM (inertinite or vitrinite) without organic pores.
(f) SEM image of lamalginite. (g) SEM image of bituminite and liptodetrinite as organic streaks parallel to the bedding plane. (h) Spongy pores developed within alginite, which is
the primary OM pores. (i) SEM image of lamalginite and Terrestrial OM. (j) SEM image of lamalginite, bituminite and liptodetrinite. Shrinkage crack, which is formed by the overall
shrinkage of telalginite after hydrocarbon generation. (k) Clay minerals are coated with SB, which belong to migrated OMwith no visible pores. (l) Shrinkage crack developed within
lamalginite. LA: Lamalginite, Lip: Liptodetrinite, Bit: Bituminite, Terrestrial OM: Inertinite or vitrinite, SB: Solid bitumen, Q: Quartz, Py: Pyrite, Cl: Clay.
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necessary to understand the development of inorganic pores at
different stages. At the lower mature stages (Ro ¼ 0.58%e0.69%),
ductile components (clay mineral, OM) were strongly affected by
mechanical compaction, such as clay minerals that were deformed
in between layers to form interparticle pores (Fig. 8a). However, the
stiffer minerals (e.g., quartz, pyrite) can strengthen the rock
2715
framework and reduce the influence of compaction on the pores
(Fig. 8b). In addition, dispersed primary intraparticle pores can be
observed at lower thermal mature stage that were measured in
sizes from 20 nm to 300 nm (Fig. 8a). Moreover, at the oil gener-
ation window (Ro ¼ 0.73%e1.16%), the interparticle pores of clay
minerals have become abundant and the pore sizes are more than



Fig. 6. SEM images showing types of OM and organic pores from the peak oil mature to high mature stage. Black arrows refer to OM types as well as mineral types and white arrows
refer to organic pores. The Ro of a-e SEM images is 0.98%, f-g is 1.16%, h-i is 1.4%. (a) SEM images of secondary maceral types, SB. (b) Organic-clay complexes, abundant bubble pores
in SB. (c) Organic-clay complexes, bubble pores developed within SB, some of the bubble pores are fused together. (d) Organic-quartz complex, quartz is enveloped with SB
indicating quartz growth before bitumen emplacement, devolatilization cracks developed between SB and quartz. (e) Terrestrial OM (inertinite or vitrinite) without organic pores.
(f) SB filled the pores between carbonate minerals. (g) SB is filled with authigenic minerals (h) Quartz is enveloped with SB indicating SB is migrated OM. (i) Terrestrial OM
(inertinite or vitrinite) without organic pores. Terrestrial OM: Inertinite or vitrinite SB: Solid bitumen. Q: Quartz. Py: Pyrite. Cl: Clay. C: Carbonate.

Fig. 7. SEM images showing spongy pores in pyrobitumen (sample E, Ro ¼ 1.4%).

L. Wang, B. Liu, L.-H. Bai et al. Petroleum Science 20 (2023) 2709e2725
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Fig. 8. SEM images showing inorganic pores from low mature to high mature stage. (a): interparticle pore and intraparticle pore (white arrow), sample A, Ro ¼ 0.58%. (b) Quartz
protects the interparticle pores (white arrow) by limiting the compaction, sample A, Ro ¼ 0.58%. (c) Interparticle pores, sample C, Ro ¼ 0.73%. (d) Dissolution pores in carbonate
minerals, sample D, Ro ¼ 0.98%. (e) Interparticle pores, sample E, Ro ¼ 1.16%. (f) Interparticle pores in chlorite, sample F, Ro ¼ 1.4%.
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100 nm (Fig. 8c, e). Carbonate dissolution pores were also observed
in this thermal maturity range (Fig. 8d). Finally, at higher maturity
levels (Ro ¼ 1.43%), interparticle pores in chlorite are the main type
of inorganic pores, and can be up to several micrometers in size.
(Fig. 8f).

3.4. The character of macerals identified by SEM

Three general forms of OM morphologies according to Ko et al.
(2018) were identified in the Qingshankou Formation shale sam-
ples under the SEM as the pure OM, OM-mineral admixtures, and
particulate OM while each is representing different maceral types
(Fig. 9a).

In this regard, the pure OM corresponds to lamalginite from low
to early oil maturity stage (Ro ¼ 0.58%e0.72%), shows clearly
defined boundary with the surrounding minerals. OM particles
were generally elongated and parallel to the bedding under the
influence of compaction (Fig. 9a, c-d). OM-mineral admixtures
mainly correspond to bituminite and liptodetrinite from the low to
early oil maturity stages (Ro ¼ 0.58%e0.72%). It appears as a string
shaped mixed with the mineral matrix under the SEM images and
no sharp boundary with surrounding minerals (Fig. 5c, g, j).
Furthermore, the lamalginite mixed with minerals are larger than
the bituminite (Fig. 5d, h). Finally, particulate OM corresponds to
terrigenous OM (vitrinite and inertinite), which can be found from
low to high thermal maturity stage (Fig. 5b, e, i, Fig. 6e, i), with no
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specific shape and size, and rarely compacted (Fig. 9a and b).

4. Discussion

4.1. Evolution of macerals during thermal maturation

Based on our observations, the maceral types recognized in the
SEM images of Figs. 5 and 6 are separated to better explain the
changes in the OM composition during thermal maturation.

4.1.1. Evolution of primary macerals during thermal evolution
Thermal maturation of OM is a key process leading to the gen-

eration and expulsion of hydrocarbon in the subsurface (Kharaka,
1980). This being said, primary macerals will follow a different
thermal evolution mode because they undergo various thermal
catalysis and thermal pyrolysis during diagenesis due to mounting
temperature and pressure (Tissot et al., 1974; Mastalerz and Bustin,
1993).

When Ro is less than 0.98%, liptodetrinite and lamalginite are the
dominant OM and in higher concentrations, which indicates that
the Cretaceous period in the Songliao Basin provided abundant
nutrient during the process of seawater intrusion (Wang L. et al.,
2022). This which could have caused phenomenon such as the
algae bloom, and greatly improved the productivity of the lake
basin (Stasiuk, 1993). Bituminite is generally derived from algal
degradation products or bacterial precursors (Hackley et al., 2018),



Fig. 9. Photomicrographs of the Qingshankou Formation shale sample identifying three distinct types of OM. (a) SEM image of three general forms of OM: (1) Pure OM. (2) OM-
mineral admixture. (3) Particulate OM. Each is representing different maceral types. (b) Photomicrograph of vitrinite in reflected white light, which corresponds to particulate OM.
(c) Photomicrograph of lamalginite in fluorescence, which corresponds to pure OM. (d) Photomicrograph of liptodetrinite in fluorescence, which corresponds to OM-mineral
admixture. LA: Lamalginite, Lip: Liptodetrinite, Bit: bituminite, V: Vitrinite.
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which are also widely present before the peak of hydrocarbon
generation in the Qingshankou Formation, but less abundant than
liptodetrinite and lamalginite. They began to transform into initial-
oil solid bitumen at Ro 0.69% (Fig. 3k and l). Initial-oil solid bitumen
is largely similar to Curiale (1986) genetic classification of “pre-oil
solid bitumen”, but not equivalent because the initial-oil solid
bitumen forms exclusively within the oil window. At Ro 0.98%, the
fluorescence disappeared, only a small amount of liptodetrinite
were found and scattered sporadically, oil-prone kerogen trans-
formed into SB and petroleum in large quantities. Lamalginite,
liptodetrinite and bituminite are all oil-prone macerals, with high
hydrogen content and aliphatic moieties, which can provide the
original parent material for oil generation (Abarghani et al., 2020).
Hence, they are almost entirely transformed during the peak of
2718
hydrocarbon generation. Additionally, compared to alginite and
bituminite, terrigenous OM (vitrinite and inertinite) does not have
any noticeable change during thermal maturation since it is more
aromatic (Tissot et al., 1974).
4.1.2. Evolution of secondary macerals during thermal evolution
In the process of thermal evolution, it is easy to confuse the

timing, origin and classification criteria of intermediate and sec-
ondary products, such as bitumen and SB. Bitumen is the secondary
OM generated during catagenesis, which can be formed in two
ways: (1) Early thermal cracking of oil-prone kerogen (Lewan,
1983). (2) Natural deasphalting and wax crystallization of liquid
oil during the early oil and late oil -windows (Jacob,1989). While SB
is the secondary maceral, which was defined to distinguish it from
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the primary macerals in the field of organic petrography (Mastalerz
et al., 2018), formed due to natural deasphalting of crude oil,
biodegradation, chemical dehydrogenation (oxidation), and ther-
mal alteration of bitumen (Rogers et al., 1974; Machel, 2001;
Synnott et al., 2016). According to the new genetic classification
proposed by Sanei (2020), SB can be further divided into diagenetic
solid bitumen, initial-oil solid bitumen, primary-oil solid bitumen,
late-oil solid bitumen and pyrobitumen. Primary-oil solid bitumen
and late-oil solid bitumen can be collectively referred to as post-oil
bitumen.

In the studied shale samples, the initial-oil solid bitumen
appeared at Ro 0.69% (Fig. 3k and l). According to the pyrosis results,
the values of S1 and S2 at the Ro of 0.69% are higher than that at the
Ro of 0.58%. It implies that initial-oil solid bitumen is an interme-
diate product of the transformation of kerogen into liquid petro-
leum, which is formed due to the breaking of weak (noncovalent)
bonds (Ruble et al., 2020). Initial-oil solid bitumen is often associ-
ated with precursor oil prone kerogen and occupies its place (Sanei,
2020). Therefore, it is not easy to identify under SEM. Initial-oil
solid bitumen primarily cracks to form oil, gas and post-oil SB
(Fig. 10). At Ro of 0.73%, mineral crystals are surrounded by SB,
specifying that the mineral growth happened before SB creation,
and the SB later migrated to surround the mineral (Fig. 5k). Due to
its high viscosity, it can only migrate a short distance, but lack a
long distance, regional migration (Mastalerz et al., 2018). At Ro of
0.98%, SB has become the dominant constituent of the OM
assemblage as solid bitumen replaces the original organic network
of oil-prone kerogen. It is well documented that SB is the product of
oil-prone kerogen degradation. Thus, SB formed at this maturity
has lower viscosity than initial-oil solid bitumen and hence can
migrate into farther and tighter pore structures (Jacob, 1989). Its
Fig. 10. Evolution of primary organic macerals and SB during hydrocarbon generation of the
corresponds to the macerals in the evolution diagram. The SEM image in the green box co
image in the orange box corresponds to the SB. The SEM image in the purple box correspo
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flow path can easily be recognized. In this regard, the structural
form the SB is usually consistent with the flow direction (Fig. 6d). In
the high maturity stages, the liquid petroleum generated from the
primary cracking undergoes a secondary cracking as the tempera-
ture increases, forming insoluble OM (pyrobitumen) and gas
(Fig. 10). Post-oil bitumen also generates pyrobitumen and gas as
the thermal evolution progresses. It indicates that both the sec-
ondary cracking of oil and the continuous thermal evolution of the
remaining post-oil bitumen can lead to the formation of pyrobi-
tumen and gas.

4.2. Evolution of organic pores during maturation

The evolution of organic pores is influenced by the composition
and geochemistry of different maceral types and the effects of
thermal alteration (Zhang et al., 2016). The size and shape of
organic pores in different macerals are highly variable (Wood et al.,
2015; Zhang et al., 2016; Misch et al., 2019). The distribution and
properties of primary organic pores are controlled by the maceral
types in the kerogen, while secondary organic pores are deter-
mined by the thermal maturity of the OM or migrated fluids
(Mastalerz et al., 2018).

4.2.1. Organic pores evolution of primary macerals
Most oil-prone macerals do not host primary pores at the lower

maturity stages (Ro ¼ 0.58%e0.69%) (Fig. 11a1-a2). Based on the
criteria of distinguishing deposited OM from migrated OM as pro-
posed by Loucks and Reed (2014), OM occurring after cementation
in the mineral pores provides the evidence of OM migration.
However, our observations in this study show that oil-prone mac-
erals have occupied the pore space in between adjacent rigid
Qingshankou Formation shale. The rectangular border on the outside of the SEM image
rresponds to the oil-prone macerals (alginite, bituminite and liptodetrinite). The SEM
nds to the pyrobitumen. Bit: bituminite. SB: solid bitumen. Lip: Liptodetrinite.



Fig. 11. The schematic for the organic pore evolution of the primary macerals in the Qingshankou Formation from the Songliao Basin.
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mineral grains, which has left no pore space in minerals for later
cementation (Fig. 5a, c). Oil-prone macerals are classified as
deposited OM, while the associated primary organic pores are very
limited (Fig. 11b1-b2). Some of these pores are isolated (Fig. 5d)
while others are aggregated into a spongy shape (Fig. 5h). Previous
studies have shown that scattered primary pores can be found in
immature bituminite and alginite (Mastalerz et al., 2013; L€ohr et al.,
2015) and are aggregated together rather than exist as uniformly
distributed spongy pores (Milliken et al., 2013). Here, that spongy
pores are not limited to samples at the higher maturity stages, and
pore aggregation is not a unique phenomenon that can only
develop in pyrobitumen at the gas window. In the early oil gener-
ation window (Ro ¼ 0.73%), there are two types of organic pores,
2720
shrinkage cracks and internal pores (Fig. 11c1-c2, d1-d2), which are
formed when oil-prone macerals began to generate petroleum.
Shrinkage cracks were found between the isolated alginite, bitu-
minite and minerals (Fig. 5g, i), which is related to the morphology
of OM and are produced during the decomposition reaction that is
dominated by covalent bond cleavage (Ungerer, 1990). Internal
pores were found on the alginite mixed with clay minerals,
generated by the polycondensation reaction of chemical bonds
(Ungerer, 1990). Compared to decomposition reaction, poly-
condensation reaction requires more energy to form organic in-
ternal pores, which indicates that internal pores are more difficult
to form than shrinkage cracks. Moreover, it is possible that clay
minerals present in the organic-clay mixture have a catalytic effect
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on hydrocarbon generation (Rahman et al., 2017). Therefore, a large
number of internal pores developed on the organic-clay complex in
the early stage of oil generation while only shrinkage cracks
developed within a single OM particle.

Finally, we did not identify any pores existing in vitrinite and
inertinite at low maturity stages (Fig. 12a1-a2). This could be
caused by the original plant cell structure degraded during the long
distance of transportation of such macerals before deposition,
leading to the primary cellular pores being destroyed. Besides,
secondary pores were also not found from the oil window to higher
mature stage in vitrinite and inertinite (Fig. 12b1-b2, c1-c2), which
confirms they are highly stable, and their petroleum generation
potential is limited during thermal evolution.
4.2.2. Organic pores evolution of secondary macerals
In-situ SB that transformed from alginite and bituminite begins

to generate a large amount of petroleum at the thermal maturation
of Ro ¼ 0.98%, leading to the generation of bubble pores (Fig. 13a1-
a2). The formation of bubble pores is due to degassing during the
transition from the oil window to the gas window (Katz and
Arango, 2018). Meanwhile, some of the bubble pores can be
united and form an irregular pore (Fig. 6c), whichmay be caused by
structural changes in the kerogen (Reed et al., 2020). More abun-
dant organic pores can be found in organic-clay mixtures rather
Fig. 12. The schematic for the organic pore evolution of the virtinite and
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than single OM at the peak of hydrocarbon generation (Fig. 13b1-
b2). It further demonstrates the positive effect of clay minerals on
hydrocarbon generation. This phenomenon takes place because the
Qingshankou Formation is rich in smectite and detrital kaolinite in
the early diagenetic stage (He et al., 2022). Affected by factors such
as burial depth, compaction, temperature, and pressure, smectite
dehydration gradually converts tomixed layer of smectite and illite.
In the process of clay minerals transformation, interlayer water is
expelled, which provides hydrogen ions for thermal evolution, thus
promoting petroleum generation from OM (Tannenbaum et al.,
1986). In addition, devolatilization cracks were found on the
migrated SB (Fig. 13c1-c2), which are different from the shrinkage
cracks observed at the early maturity stages as they are formed due
to pressure release during the process of bringing the core to the
surface rather than naturally (Loucks and Reed, 2014). If such cracks
were naturally present in the subsurface, SB generated from neraby
kerogen would have filled them. At the late oil generation window
(Ro ¼ 1.16%), the abundance of secondary organic pores was less
than that of at the peak oil generation since authigenic mineral
cements (quartz, illite, chlorite) filled the organic pores (Fig. 13d1-
d2). Smectite and kaolinite eventually disappeared to form authi-
genic minerals, such as chlorite and illite. In addition, the silica
released during the conversion of smectite to illite causes authi-
genic quartz precipitation to occupy the pore space. Therefore, the
inertinite in the Qingshankou Formation from the Songliao Basin.



Fig. 13. The schematic for the organic pore evolution of secondary macerals (SB) in the Qingshankou Formation from the Songliao Basin.

L. Wang, B. Liu, L.-H. Bai et al. Petroleum Science 20 (2023) 2709e2725
organic-clay mixture developed abundant organic pores before the
late oil maturity stage (Thyberg et al., 2010). In addition, interpar-
ticle mineral pores were filled by the migrated SB (Fig. 13e1-e2).
Furthermore, the spongy pores exist in the pyrobitumen were
found to be a significant feature at the higher maturity stages
(Fig. 13f1-f2), where pyrobitumen formed by oil cracking continued
to crack and generate small amounts of gas. Unlike the lower
mature stage, the spongy pores that developed at the higher
thermal maturity tend to grow and merge and to create more
irregular shapes (Fig. 7). A general overview of the maturity stage
that is reported when sponge pores are formed in different basins
around the world (Dong et al., 2019; Reed et al., 2020; Lu et al.,
2023), shows that such pores in the Qingshankou Formation,
Songliao Basin, are generally created at later matuiriy stages than
those of the Barnett and Woodford shales in North America. A
potential explanation could be that when Ro is between 1.0% and
1.43% in the Songliao Basin, the existing overpressure system in-
hibits the cracking and gasification of crude oil (Carr, 1999), which
extends the maturity for the preservation of oil compared to other
basins. Ultimately, except for the sponge pores, organic pores found
in SB are less abundant at higher mature stages, and the majority of
interparticle pores were blocked by SB (Fig. 13g1-g2).
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4.3. Comparision with other macerals and its related organic pores
evolution model in different basins

Compared with maceral evolution and its related organic pores
in other basins (Jarvie et al., 2007; Liu et al., 2017a, 2023b; Ko et al.,
2016, 2018; Teng et al., 2022), it is found that there are similarities
between oil-prone macerals evolution in different basins (Table 2).
They are almost entirely converted to SB at the peak oil generation
stage. While oil and SB further formed pyrobitumen and gas at high
mature stage. In addition, it is observed that secondary pores are
developed on pyrobitumen, whether marine shale or lacustrine
shale (Bernard et al., 2012). Yet the transformation from gas-prone
macerals (vitrinite and inertinite) to SB occurs significantly later
(Mastalerz et al., 2018). Shrinkage crack is the unique pore type in
the Qingshankou shale and there are mostly internal pores, such as
bubble pores and spongy pores are more develped in marine shale.
It is due to the type of primary macerals are different in marine and
lacustrine shale. Lamalginite and liptodetrinite are the dominant
primary macerals in the Qingshankou Formation, while the bitu-
minite or Tasmanites cysts are the dominant primary macerals in
marine shale (Liu et al., 2017a, 2019b). The lamalginite and lipto-
detrinite have a high hydrocarbon generation conversion rate and
can form a large number of shrinkage cracks along the minerals.
Variation in OM composition is the main factor for the difference in



Table 2
Comparision with other macerals and its related organic pores evolution model in different basins (LA: Lamalginite, Lip: Liptodetrinite, Bit: bituminite, T-OM: Terrestrial OM,
SB: solid bitumen, Light gray represents the major maceral types and dark gray represents the major organic pores).
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its pore characteristics between the Qingshankou shale and other
typical marine shales. Therefore, in order to better characterize
unconventional reservoirs in shale oil/gas systems, our study can
provide a scientific example and guidance for understanding
macerals types and associated pores evaluation during the thermal
maturation.

5. Conclusions

(1) SB became the dominant OM constituent that transformed
from the oil-prone macerals entirely at the peak oil window
(Ro ¼ 0.98%), which replaces the original organic network of
oil-prone kerogen. At higher maturity stage (Ro > 1.43%), the
secondary cracking of oil and the continuous thermal evo-
lution of the remaining SB can lead to the formation of
pyrobitumen and gas. Vitrinite and inertinite remained sta-
ble in all maturity stages because their low hydrocarbon
generation potential.

(2) Primary organic pores were observed only in alginite at
lower mature stages, and filled by SB subsequently. Due to oil
and gas generation, alginite and bituminite shrunk and form
shrinkage cracks at early oil window. At peak oil window,
secondary bubble pores formed within the in-suit SB while
devolatilization cracks developed in the migrated SB. From
late oil window to higher maturity stages, secondary organic
pores were less abundant than those at the peak oil gener-
ation, since they were filled by migrated SB. Spongy pores
developed in the pyrobitumen at higher maturity stages
(Ro ¼ 1.43%) are derived from the cracking of pyrobitumen
into gas.

(3) From early to peak oil window, the organic-clay mixtures
developed more organic pores than single OM, which is
attributed to the clay minerals that have catalytic effect on
petroleum generation. On the contrary, from late oil window
2723
and beyond, authigenic minerals, like chlorite and illite that
evolved from smectite and kaolinite, will block and occupy
the secondary organic pore spaces within the organic-clay
mixtures.
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