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a b s t r a c t

Coal is a solid combustible mineral, and coal-bearing strata have important hydrocarbon generation
potential and contribute to more than 12% of the global hydrocarbon resources. However, the deposition
and hydrocarbon evolution process of ancient coal-bearing strata is characterized by multiple geological
times, leading to obvious distinctions in their hydrocarbon generation potential, geological processes,
and production, which affect the evaluation and exploration of hydrocarbon resources derived from coaly
source rocks worldwide. This study aimed to identify the differences on oil-generated parent macerals
and the production of oil generated from different coaly source rocks and through different oil generation
processes. Integrating with the analysis of previous tectonic burial history and hydrocarbon generation
history, high-temperature and high-pressure thermal simulation experiments, organic geochemistry, and
organic petrology were performed on the Carboniferous-Permian (CeP) coaly source rocks in the
Huanghua Depression, Bohai Bay Basin. The oil-generated parent macerals of coal’s secondary oil gen-
eration process (SOGP) were mainly hydrogen-rich collotelinite, collodetrinite, sporinite, and cutinite,
while the oil-generated parent macerals of tertiary oil generation process (TOGP) were the remaining
small amount of hydrogen-rich collotelinite, sporinite, and cutinite, as well as dispersed soluble organic
matter and unexhausted residual hydrocarbons. Compared with coal, the oil-generated parent macerals
of coaly shale SOGP were mostly sporinite and cutinite. And part of hydrogen-poor vitrinite, lacking
hydrocarbon-rich macerals, and macerals of the TOGP, in addition to some remaining cutinite and a small
amount of crude oil and bitumen from SOGP contributed to the oil yield. The results indicated that the
changes in oil yield had a good junction between SOGP and TOGP, both coal and coaly shale had higher
SOGP aborted oil yield than TOGP starting yield, and coaly shale TOGP peak oil yield was lower than
SOGP peak oil yield. There were significant differences in saturated hydrocarbon and aromatic param-
eters in coal and coaly shale. Coal SOGP was characterized by a lower Ts/Tm and C31-homohopane22S/
(22Sþ22R) and a higher Pr/nC17 compared to coal TOGP, while the aromatic parameter methyl diben-
zothiophene ratio (MDR) exhibited coaly shale TOGP was higher than coaly shale SOGP than coaly TOGP
than coaly SOGP, and coal trimethylnaphthalene ratio (TNR) was lower than coaly shale TNR. Thus, we
established oil generation processes and discriminative plates. In this way, we distinguished the differ-
ences between oil generation parent maceral, oil generation time, and oil production of coaly source
rocks, and therefore, we provided important support for the evaluation, prediction, and exploration of oil
resources from global ancient coaly source rocks.
© 2023 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/
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1. Introduction

Carboniferous-Permian (CeP) coal-bearing strata deposited in
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generation, and the oil and gas reserves of these strata used for
hydrocarbon supply account for 12.6% of all oil- and gas-bearing
formations (Jiang et al., 2018; Wang et al., 2020). For example, the
accumulated hydrocarbon expulsion amount of CeP coaly source
rock in Ordos Basin is 2.38 � 1014 m3, and oil and gas in Donets
Basin of Ukraine mainly originate from CeP coaly source rock
(petroleum equivalent is slightly bigger than 1.57 � 108 t) (Misch
et al., 2015; Wang et al., 2016a). The CeP coaly source rocks also
have abundant oil and gas potential in the Bohai Bay Basin. For
instance, the total natural gas resources of the CeP coaly source
rocks are about 1.284� 1012m3 in Huanghua Depression (Liao et al.,
2003). Furthermore, oil and gas originating from CeP coaly source
rocks have been found in several tectonic zones, such as the Suqiao-
Wen’an slope and Wuqing Depression of Jizhong Depression,
Wangguantun buried hill, and Kongdian uplift of Huanghua
Depression, which all belong to Bohai Bay Basin (Yu et al., 2018;
Zhao et al., 2019). A relevant study indicates that the CeP (Taiyuan
Shanxi Formation) coaly source rocks, which are deposited in the
Bohai Bay Basin in a marine terrestrial transitional environment,
consist of coal, coaly shale, carbonaceous shale, and dark shale
(Collinson et al., 1994; Figueiredo et al., 2010; Zhao et al., 2018). The
coal-bearing strata of the Taiyuan Formation were formed in the
peat flat under the sedimentary system of land surface sea fortress
island. These coal-bearing strata were influenced by frequent sea
invasion and sea retreat, and by accumulated and preserved rich
aquatic organisms under anoxic conditions (Li et al., 2016; Li et al.,
2019). The coal-bearing stratigraphic deposits of the Shanxi For-
mation are characterized by a shallow water delta plain peat
swamp coal accumulation environment, and the coaly shale accu-
mulation occurs in the delta plain sediments of the Shanxi For-
mation, both of which exhibit regular spatial and temporal
evolution (Lou et al., 2022; Wang et al., 2016). Controlled by sedi-
mentary environment and organic matter supply, the oil-generated
parent macerals of coaly source rocks are primarily vitrinite,
including collodetrinite, collotelinite, and corpogelinite, followed
by inertinite, with the least content of liptinite (Michelsen and
Khorasani, 1990; Xu et al., 2021). For example, the content of vit-
rinite in Qikou sag coaly source rocks can reach 80%, and in Bei-
dagang buried hill coaly source rocks, it is generally 20% (Gong
et al., 2022). Hydrogen-rich collodetrinites and liptinite (e.g.,
cutinite, spirinite, and collodetrinite) are the main oil-generated
parent macerals of coaly rocks (Li et al., 2008; Tewari, 2015). Coal
has a higher oil generation potential because of the presence of
cutinite and spirinite in hydrogen-rich collotelinite and liptinite. In
contrast, coaly shale has a lower oil generation potential than coal
due to the presence of less spirinite, cutinite, and vitrinite, and
because it is being oxidized by terrigenous clastics (Qi et al., 2020;
Xu et al., 2021). Meanwhile, with the influence of multiple uplifts
and burial processes, the oil-generated parent material changes
from insoluble kerogen and dispersed soluble organic matter to
crude oil and asphalt (Xu et al., 2021), and residual kerogen and
undeleted residual hydrocarbon are the main oil-generated parent
macerals for multi-time oil generation processes (Zhao et al., 2011).
The results of previous structural studies demonstrated that the
CeP system strata in the Bohai Bay Basin experienced multiple
tectonic subsidences and uplifts after sedimentation (Zhang et al.,
2019). They chiefly experienced three burial-uplift alternating
evolutions of Hercynian Indosinian, Yanshanian, and Himalayan
periods (Yan et al., 2020), and consequently, the Mesozoic Yan-
shanian tectonic differentiation was intensified. Tectonism and
sedimentary filling play an important role in controlling the ther-
mal evolution of the basin (Jia et al., 2022; Guo et al., 2022). This
complex burial process led to the occurrence of a multi-time oil
generation process (i.e., a time-dependent oil generation process)
(Zhang et al., 2019; Zhao et al., 2019). Since the Triassic, the CeP
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coaly source rocks in Huanghua Depression have experienced two
or three important oil generation processes. The late Himalayan is
considered the most significant oil generation and expulsion time
for oil accumulation (Jin et al., 2009). Xu et al. (Xu et al., 2021; Xu
and Jin, 2020a) found that the multi-phase hydrocarbon genera-
tion potential of CeP coaly rocks is closely related to the hydro-
carbon generation times, hydrocarbon generation parent macerals,
and lithology. They also reported that the hydrocarbon generation
output decreased with the increase of the initial Ro of the secondary
hydrocarbon generation process, and the hydrocarbon generation
amount of coal was much higher than that of coaly shale. These
studies predominantly focused on the geological conditions, hy-
drocarbon generation evolution, and hydrocarbon generation po-
tential of CeP coaly source rocks, which clarified the characteristics
of a multi-time oil generation process, and determined oil-
generated parent macerals composition of coal-measure source
rocks (Lou et al., 2022;Wang et al., 2022). However, there is a lack of
research on the composition of initial oil-generated parent mac-
erals in different oil generation processes and the junction of oil
generation processes at different times, which is not conducive to
an in-depth understanding of oil generation laws in different li-
thologies and times. Besides, there are important doubts about the
potential of oil and gas production from different lithologies and
times of CeP (Jin, 2023).

We studied the oil-generated parent macerals, the oil produc-
tion potential of coaly source rocks in different lithologies, and oil
generation times of CeP in Huanghua Depression by using high-
temperature and high-pressure thermal simulation experiment,
determination of total organic carbon content, rock pyrolysis,
maceral identification, biomarker analysis, and other experiments.
To distinguish the evolution process differences of oil-generated
parent macerals and oil production at different times, to reveal
the differences of oil and gas generation in different evolution
stages, and to uncover the junction mechanism of SOGP and TOGP,
we established oil and gas product identification charts of source
rocks in different times and providedmore valuable information for
the subsequent evaluation and exploration of oil and gas potential
of CeP coaly source rocks.

2. Geological setting

The Huanghua Depression is an important hydrocarbon-bearing
area in the central part of the Bohai Bay Basin in eastern China (Qu
et al., 2018). It is connected to the Cangxian Uplift by the Cangdong
Fault to the west, is adjacent to the Yanshan fold belt by the Beitang
and Nanbu depressions to the north, has undergone an overlying or
faulted transition to the Haizhong-Chengning Uplift to the south-
east, and is an asymmetric narrow fracture basin converging in the
SW direction and spreading out in the NE direction, with a total
area of about 1.7 � 104 km2 (Fig. 1a (Li et al., 2019)). The CeP strata
are principally composed of Benxi Formation, Taiyuan Formation,
Shanxi Formation, and Shihezi Formation (Fig. 1c (Hou et al., 2017)),
among which the coaly source rocks are deposited in Taiyuan and
Shanxi Formations. The CeP strata can be 600e1100 m thick and
shows greater thickness in the southern region compared to the
northern region. The coal seams in C2t are relatively thick, aver-
aging 20e25 m, and P1s is generally of 10e15 m (Zhao et al., 2018).
Taiyuan Formation is mainly composed of peat flat and lagoon
sediments, containing thin layers of sandstone, limestone, and
coaly source rock, and a thick layer of black shale, which belongs to
marine-terrestrial interaction sedimentation. The Shanxi Forma-
tion is characterized by coastal marsh sediments in the delta front,
where carbonaceous shale, sandstone, thin coal, and delta facies
dark coaly shale are developed (Gong et al., 2022). The sedimentary
environment dominated by marine continental transitional facies



Fig. 1. Structural map and geographic profile of the Carboniferous-Permian coaly source rocks in the Bohai Bay Basin (modified from Xu and Jin, 2020b). (a) Bohai Basin; (b) research
area; (c) stratigraphic sequence.
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has increased the complexity of oil-generated parent macerals of
coaly source rocks with different lithologies, which has resulted in
the diversification of oil and gas production (from crude oil, light
oil, condensate to kerogen-cracking gas, oil-cracking gas, and
asphalt-cracking gas) (Guan et al., 2010; Schenk et al., 1997). At the
same time, Huanghua Depressionwas affected by the superposition
of multiple tectonic movements, and the burial history of the Upper
Paleozoic mostly experienced the alternating evolution of three
burial-uplift cycles of Indosinian, Yanshanian, and Himalayan pe-
riods (Bo et al., 2022). Hercynian-Indosinian regional subsidence
promoted the primary hydrocarbon generation of CeP coaly source
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rocks in the early and middle Triassic (Xu and Jin, 2020a). Differ-
ential tectonic uplift and subsidence occurred in the Yanshanian
period, and most areas from Jurassic (J) to Cretaceous (K) under-
went uplift or continuous subsidence, and SOGP occurred in coaly
source rock (Zhang et al., 2019). The tectonic superimposition
during the Himalayan period prompted SOGP and TOGP to bury
deep in the shallowly buried area again or in the deeply buried area
continuously in the late Cretaceous (Xu and Jin, 2020a). The tec-
tonic evolution history of the study area is very complex, with
several sedimentary discontinuities and uplift denudations, which
has led to regional structural differences (Zhao et al., 2018), and
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thus, different geothermal evolution stages and substantial hy-
drocarbon generation diversity in Huanghua Depression (Zhao
et al., 2019). The measured data of many drilling samples in the
early stage indicate that the total organic carbon (TOC) content of
coal varies from 20.5% to 75.0%, with an average of 45.6%, S1þS2 is in
the range of 60.0e300.0 mg/g, and the TOC content of coaly shale
varies from 0.2% to 14.8%, with an average of 4.32%, S1þS2 is in the
range of 0.4e20.1 mg/g. The overall organic matter abundance of
coaly shale to coal is from poor to good (He et al., 2016; Zhao et al.,
2019). Most coaly source rocks buried above 3500 m have vitrinite
reflectance values of lower than 0.70%. With an increasing burial
depth, the degree of thermal evolution in the source rocks varies
from 0.76% to 1.50%, indicative of secondary thermal evolution. The
source rocks buried beneath 3500 m reached the oil window and
wet gas stage (Li et al., 2016; Chang et al., 2018).
3. Samples and methods

3.1. Samples

A total of 98 samples were selected from the CeP coaly source
rock cores of wells GG16102, CG2, CL1601, DT1, KG4, QG8,WS1, YG1,
YG2, QG11X1, and QG1602 in Huanghua Depression, including 31
coal samples, 24 carbonaceous mudstone samples, and 38 coaly
shale samples. Two representative samples of coal and coaly shale
fromwells GG16102 and CG2 were selected to conduct the thermal
simulation experiment. The organic geochemical analysis,
including rock pyrolysis analysis, determination of TOC content,
vitrinite reflectance, and kerogen maceral determination, was
performed on the above samples, as well as the heated sample
residues, and the produced oil and gas (Figs. 2, 3 and 6).
3.2. Analytical methods

3.2.1. Thermal simulation experiments
The Upper Paleozoic strata in Huanghua Depression have

experienced three alternating burial uplift evolution. The experi-
mental design was based on the second part of the article and the
hydrocarbon generation and evolution history established by pre-
decessors (Xu and Jin, 2020b). In this experiment, a thermal
simulation experimental apparatus capable to withstand high
temperatures and high pressures of up to 800 �C and 120 MPa in a
closed system was selected. First, we loaded about 5 g of 80 mesh
powder sample with 2.5 mL of distilled water into the autoclave,
and then the sealed autoclave was evacuated and filled with
Fig. 2. Relationship between simulated temperature and maturity of coal and coaly
shale.
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0.1 MPa nitrogen gas. After closing the valve of the autoclave, the
temperature was first increased to 250 �C and then increased from
335 to 400 �C at different rates for a total of ten temperature points
(two samples were naturally cooled down from 400 to 390 �C and
to 380 �C, respectively). Another experiment was conducted with
the same heating rate up to 400 �C and then the temperature was
reduced to 250 �C, and after that, it was raised to 380�510 �Cwith a
total of eight points. We have counted the maturity from 335 to
510 �C with a total of 12 temperature points (Fig. 2). Finally,
dichloromethane was utilized to repeatedly extract the residue
samples, and the collected produced liquid and residues were
measured and analyzed.

3.2.2. Total organic carbon and Rock-Eval pyrolysis
The TOC content of the sample powder (~200 mesh) was

measured with a LECO CSe230 analyzer. The carbonates were
removed with dilute HCl at 60 �C, and then we analyzed about
200 mg of each powder sample after washing the sample with
distilled water to remove HCl and drying at 50 �C for 24 h. The TOC
values were measured based on the Chinese National Standard GB/
T 19143-2017 (Li et al., 2008).

The samples were analyzed by Rock-Eval 7. Each crushed sample
(~100 mg) was heated in a helium atmosphere at a programmed
rate of 50 �C/min from 300 to 550 �C to obtain S1, S2, S3, and Tmax.
Rock pyrolysis test conformed to GB/T 18602-2012 (Li et al., 2008).

3.2.3. Organic petrology analysis
All samples were analyzed for vitrinite reflectance (Ro) using a

Leica DM4500P microscope according to the protocol of Interna-
tional Standard (ISO 17246:2010) and Chinese Petroleum Industry
Standard (SY/T 51242012). Sapphire (Ro ¼ 0.59%) and gadolinium
gallium garnet (Ro ¼ 1.73%) were used as standard samples. A total
of 13 polished samples were selected for petrographic analysis, and
all microfraction compositions as well as their volume percentages
were measured from the total microfraction (Liu et al., 2020).

3.2.4. Gas chromatography-mass spectrometry (GC�MS) analysis
For GC-MS analysis, the thermal simulation residue and other

samples were crushed and extracted separately in a Soxhlet
extractor (solvent was dichloromethane) for 72 h. The resulting oil
samples were soaked in hexane for 24 h to remove asphaltenes.
Saturated hydrocarbons, aromatics, and nitrogen and sulfur oxides
compounds (NSO) were separated from each sample to perform the
analysis by using silica-alumina column chromatography. These
analyses were conducted using an Agilent 7890 gas chromatograph
with an HP-5MS fused silica column and helium as the carrier gas
linked to 5975C mass spectrometers. The data after analysis was
interpreted using Agilent MsaaHunter Workstation software. The
chromatographic ramp-up procedure for saturated and aromatic
hydrocarbons was as follows: start at 35 �C, constant temperature
for 10 min, then 0.5 �C/min to 60 �C, then 2 �C/min to 200 �C, finally
4 �C/min to 280 �C, constant temperature for 5 min, and a split ratio
of 10:1 (Li et al., 2015).

4. Results

4.1. Bulk organic geochemical characteristics of source rocks

The results of sample measurement showed that the TOC con-
tent of coal samples was higher than that of coaly shale, and the
distributionwas more concentrated. Coal had higher S1 and S2 than
coaly shale, and the distribution range of Tmax was the same
(Fig. 3). TOC of the coal and coaly shale ranged from 60.70% to 75.8%
and from 3.58% to 4.35%, respectively, and the coal hydrocarbon
generation potential (S1þS2) ranged from 14.23 to 143.46 mg/g,



Fig. 3. Organic matter abundance of coaly source rocks. POGP: Primary oil generation process; SOGP: Secondary oil generation process; TOGP: Tertiary oil generation process.
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which was in the excellent quality range, while the coaly shale only
reached fair to good quality. The S1þS2 of both coal and coaly shale
from SOGP wells was larger than that of the samples from TOGP
wells, but the demarcation in TOC was not distinct (Fig. 3a and b).
The intersection plots of Rock-Eval Tmax and hydrogen index (HI)
exhibited significant variability in kerogen types. The coal samples
displayed a higher HI, which was about twice as high as that of the
coal mudstone, and almost all samples were in the type II-III area,
and the coaly shalewas chiefly distributed in the type III area, while
a few reached type II-III. The coal samples showed a higher HI
(21.29�293.86 mg/g TOC, mean 180.68 mg/g TOC), which was
about twice as high as that of the coaly shale, and almost all sam-
ples were in the type II-III area, and the coaly shale was primarily
distributed in the type III area, while a few reached type II-III. HI of
both coal and coaly shale exhibited a decreasing trend in the pro-
cess of SOGP to TOGP (Fig. 3c and d).

4.2. SOGP and TOGP of coal and coaly shale

The SOGP and TOGP of coal and coaly shale displayed different
evolutionary patterns. When the temperature reached 340 �C
(Ro ¼ 0.49%), coal entered the SOGP, and the coal oil yield increased
for the first time continuously, and then the yield showed a small
decrease under the decreasing temperature, and the oil yield
reached the maximum value of 96.05 mg/g TOC at the temperature
of 400 �C (Ro ¼ 0.73%). The SOGP had a similar trend and good
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junction with the TOGP, but the yield decreased rapidly after
reaching the peak of oil production. The oil yield at the TOGP oil
peak (Ro ¼ 0.91%) was 101.09 mg/g TOC, which was slightly higher
than the SOGP oil peak, however, at the initial maturity point
(380 �C, Ro ¼ 0.83%), the oil yield was 80.49 mg/g TOC, which was
much different from the initial SOGP yield (Fig. 4a). Compared with
coal, the oil yield of coaly shale was significantly different. In the
coaly shale SOGP, the oil yield increased rapidly with temperature
and reached the oil peak (Ro ¼ 0.77%) with a yield of 89.45 mg/g
TOC. The TOGP yield was 79.93 mg/g TOC at a heating temperature
of 410 �C (Ro ¼ 0.90%). The oil peak TOG of coaly shale was also
lower than SOGP, and both were lower than that of coal. Both coal
and coaly shale had a higher SOGP aborted oil yield compared to
TOGP starting yield. However, the yield (26.03 mg/g TOC) of coaly
shale TOGP at final heating (510 �C) was about three times that of
coal (Fig. 4b).

4.3. Variation of organic petrographic characteristics

The composition of the oil generation parent maceral and the
content of coal and coaly shale was obviously diverse. The vitrinite
in coal was the main maceral component (81.4%e89.8%), which
contained a large amount of hydrogen-rich collodetrinite, collote-
linite, and corpogelinite. Lipinite þ huminite content accounted for
0.6%e7.7% of coal, while it accounted for 0.3%e3.0% of coaly shale.
The vitrinite of coal rock was composed of telinite, collotelinite, and



Fig. 4. Oil yield of coal and coaly shale during SOGP and TOGP.
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corpogelinite (Fig. 5b2, 5b3 and 5b4). The liptinite component
included hydrogen-rich and oil-generation components such as
cutinite, sporinite, and telaginite, showing brown yellow, yellow,
and other fluorescence characteristics (Fig. 5a1 and 5b1), and iner-
tinite consisted of fusiniteand and semifusinite (Fig. 5a2 and 5b3).
Bright yellow-white strawberry-like pyrite was widespread in the
coaly shale with a certain amount of gray-black clay mineral matrix
(Fig. 5c3), accompanied by small amounts of cutinite and sporinite
(Fig. 5a4). Furthermore, a few telalginites filled in the particle space
were also observed in the coaly shale sample (Fig. 5c1).
Fig. 5. Maceral components in coaly source rocks. (a1) sporinite, cutinite, collotelinite, resini
340 �C, Taiyuan Formation, 500 � , excited by blue light; (c1) telalginite, vitrodetrinite, co
fusinite, coal, unheated, Taiyuan Formation, 500 � , oil-immersed reflective light; (b2) collo
light; (c2) cutinite, coaly shale, 370 �C, Shanxi Formation, 500 � , excited by blue light; (a3) c
light; (b3) telinite, fusinite, pyrite, coal, 370 �C, Taiyuan Formation, 500 � , oil-immersed
reflective light; (a4) sporinite, cutinite, coaly shale, unheated, Shanxi Formation, 500 � , e
coal, 400-250-510 �C, Taiyuan Formation, 500 � , oil-immersed reflective light; (c4) sporin
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The relative contents of different oil generation parent maceral
compositions of coaly source rocks changed abruptly during SOGP
and TOGP. The Hydrocarbon-rich vitrinite content of the coal
sample was higher and rapidly decreased from 15.8% to 10.5% to 0,
respectively, during SOGP and TOGP. While the coaly shale vitrinite
content was extremely low and changed little with thermal evo-
lution, it was not the main contributing component of organic
matter hydrocarbon generation of coal rock (Fig. 6a). The main oil-
generated parent macerals were cutinite and sporinite in the lip-
tinite. Sporinite was more than cutinite in coal, and the
te, coal, unheated, Taiyuan Formation, 500 � , excited by blue light; (b1) sporinite, coal,
aly shale, 335 �C, Shanxi Formation, 500 � , oil-immersed reflective light; (a2) pyrite,
detrinite, collotelinite, coal, 350 �C, Taiyuan Formation, 500 � , oil-immersed reflective
ollodetrinite, coaly shale, unheated, Shanxi Formation, 500 � , oil-immersed reflective
reflective light; (c3) vitrodetrinite, pyrite, coaly shale, 400-250-430 �C, oil-immersed
xcited by blue light; (b4) telinite, the cavity is filled with clay minerals, corpogelinite,
ite, coaly shale, 400-250-470 �C, Shanxi Formation, 500 � , excited by blue light.



Fig. 6. Relationship between parent macerals and maturity of coal and coaly shale.
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consumption in each oil generation time was also greater than
cutinite. On the contrary, the content of the sporinite was less than
that of the cuticle, and the content of both diminished from 0.3% to
1.1% to 0, respectively (Fig. 6b and c). In both SOGP and TOGP, the
content of cutinite and sporinite in the liptinite was much higher in
coal than in coaly shale, which was almost depleted after Ro
reached 1.05%. And coaly shale exhibited a trend of increasing
content of hydrogen-poor secondary fraction with increasing
maturity at high maturity time (Fig. 6).
4.4. Evolutional characteristics of saturated hydrocarbon- and
aromatic hydrocarbon-related parameters derived from coaly
source rock

The analysis of the test results of biomarker compounds
revealed that there were evolutionary differences between the
production of coal and coaly shale during the thermal simulation of
SOGP and TOGP in terms of the series of compounds such as n-al-
kanes, isoalkanes, hopane, fluorene, and naphthalene (Fig. 7). Coal
SC21-/SC22þwas smaller than that of coaly shale, but both displayed
an increasing trend with the increase of thermal evolution. The
ratio of SC21-/SC22þ in coal SOGP (0.51�1.69) and coaly shale SOGP
(1.38�3.24) fluctuated greatly and presented a stable upward trend
during the coal TOGP (0.83�1.80) at the high maturity stage
(Fig. 8a). Pr/nC17 showed strong discrimination ability, and Pr/nC17
of coal (0.15�0.64) was lower than that of coaly shale (0.27�0.76),
and SOGP of coal and coaly shale was higher than the corre-
sponding TOGP of coal and coaly shale. Compared to coal, coaly
shale had a better junction from SOGP to TOGP. And at the junction
point of two hydrocarbon generation in coal, the Pr/nC17 of TOGP
was slightly higher than that of SOGP (Fig. 8b). There were also
obvious evolutionary differences between SOGP and TOGP of
hopane series compounds. Ts/Tmwas unchanged and almost stable
in the SOGP of coal and coaly shale with small fluctuations, but
there was a substantial upward trend in the TOGP process (Fig. 8c).
Coal SOGP and TOGP exhibited higher (> 0.56) and more stable
C3122S/(22Sþ22R) values, while coaly shale showed lower C3122S/
(22Sþ22R) values (0.51�0.60), and the ratio of TOGP was slightly
higher than SOGP. Whether coal or coaly shale, Ts/Tm and C3122S/
(22Sþ22R) exhibited a smooth transition at the junction of the two
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hydrocarbon generation processes (Fig. 8d). Aromatic biomarker
compound parameters, such as TNR and MDR, both displayed
similar smoothly increasing trends with thermal evolution, and the
MDR parameters of coaly and coaly shale were clearly distin-
guished, with a clear MDR demarcation between coaly shale
(0.76�1.15) and coal (0.53�0.70) during SOGP (Fig. 8e and f).
5. Discussion

5.1. Evolutional differences on parent maceral in multi-time oil
generation processes of coaly source rock

The organic matter abundance and the type and content of oil-
generated parentmacerals in CeP coal and coaly shale of Huanghua
Depression exhibited significant differences with the degree of
thermal evolution, and their changing trends were also different
during the SOGP and TOGP (Rangel et al., 2002; Tewari and Khan,
2015; Xu et al., 2021). Differences in the composition and content
of the oil-generated parent macerals of coal and coaly shale led to
differences in their hydrocarbon generation potential during
different times of oil generation (Xu and Jin, 2020b). Coal is
deposited in an acidic and moist swampy environment, thus, the
stable environment allows it to accumulate more hydrogen-rich
collotelinite and collodetrinite, and hydrogen-rich sporinite and
cutinite are derived from terrigenous woody and herbaceous plants
(Li et al., 2019; Van Krevelen, 1993). These hydrogen-rich macerals
are cemented together through biodegradation, gelation, and input
of various terrigenous detritus. In contrast, the coaly shale formed
in a shallow deltaic environment of the Taiyuan Formation has
insufficient hydrogen-rich components, and instead, mostly
hydrogen-poor vitrinite and a small amount of bituminous organic
matter and exinite are accumulated in it (Li et al., 2019; Xu et al.,
2021). The difference in depositional environments causes the
coal to have more hydrogen-rich macerals than coaly shale (e.g.,
hydrogen-rich collodetrinite, sporinite, and cutinite of liptinite),
contributing to the considerably higher organic matter abundance
and hydrocarbon generation potential of coal than coaly shale
(Figs. 3a, 3b, 5, 6 (Petersen et al., 2000; Tewari and Khan, 2015)).
The S1þS2 value of coal ranged from 14.23 mg/g to 143.46 mg/g,
which was of excellent quality. In contrast, the S1þS2 of coaly shale



Fig. 7. Chromatography of hopane series (m/z ¼ 191), fluorene series (m/z ¼ 198), and naphthalene series (m/z ¼ 170) compounds. Ts:18a(H)-22,29,30-C27hopane; Tm:17a(H)-
22,29,30-C27hopane; 1,2,5-TMN: 1,2,5-Trimethylnaphthalene; 2,3,6-TMN:2,3,6-Trimethylnap-hthalene; 1-MDBT:1-Methyldibenzothiophene; 4-MDBT:4-Methyl dibenzothiophene.
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was much lower than that of coal, with an average value of only
2.43 mg/g, and the average value of coal TOC (69.60%) was also
much higher than the average value of coaly shale TOC (4.01%)
(Fig. 3a and b). The consumption of oil-generated parent macerals
during SOGP and TOGP in coaly source rocks indicated that
hydrogen-rich vitrinite and liptinite (especially collodetrinite,
sporinite, and cutinite) were the main oil generation components
for coal, while inertinite and huminite contributed to oil generation
very weakly (Fig. 6 (Chen et al., 2017; Li et al., 2008)). The main
hydrocarbon generation components of SOGP and TOGP were the
same, and the very low content of resinite in the early time of SOGP
promoted the formation of oil slightly (Fig. 5a1), and the oil-
generated parent macerals during peak oil generation were domi-
nated by sporinite, cutinite, and hydrogen-rich collotelinite (Fig. 6).
Although the previous two oil generation processes consumed a
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large amount of oil-generated parent macerals, the remaining
hydrogen-rich components and the residual hydrocarbon from
SOGP still caused a high peak of TOGP oil yield (Fig. 4). Liptinite
(especially cutinite) was the main oil-generated parent macerals of
coaly shale, and vitrinite had no hydrocarbon donor capacity during
the evolution of coaly shale SOGP and TOGP. During coaly shale
SOGP, the oil-generated parent macerals also contained residual
sporinite and cutinite, dispersed soluble organic matter, undis-
charged residual hydrocarbons, and solid bitumen from the POGP
(Zhao et al., 2011; Zheng et al., 2009). Except for part of the
remaining cutinite, a small amount of crude oil and bitumen from
SOGP contributed to its oil yield in TOGP (Fig. 5 (Xin et al., 2010)),
and a few hydrogen-poor secondary components were also
generated in the coaly shale (Fig. 6).



Fig. 8. Variations in parameters of saturated hydrocarbon and aromatic hydrocarbon in the thermal simulation. Pr: pristane; Ph: phytane; TNR ¼ 2,3,6-TMN/(2,3,6-TMNþ1,2,5-
TMN); MDR ¼ 4-MDBT/1-MDBT; C31S/(SþR): C31-homohopane22S/(22Sþ22R).

J.-J. Xu, X.-G. Cheng, S.-N. Peng et al. Petroleum Science 21 (2024) 765e776
5.2. Junction law of multi-time oil generation of coaly source rock

CeP coal and coaly shale differ in terms of the chemical struc-
ture of oil-generated parent macerals due to different depositional
environments, and the oil-generated parent macerals and yield of
SOGP and TOGP and their transitional overlap also change regularly
with the increase of stratigraphic depth (Xu et al., 2021; Xu and Jin,
2020b; Zhao et al., 2019). At the end of coal SOGP, the oil generation
process was not completely stopped (Chang et al., 2018; Xu and Jin,
2020b), and the change in maceral content and oil yield suggested
that the original residual hydrogen-rich vitrinite and lipinite were
still generating oil with low yield, while the coaly shale did not have
adequate hydrogen-rich vitrinite and other oil supply compositions
(Fig. 6), resulting in a slightly lower oil yield at the end of the SOGP
(Fig. 4b). Due to local deep burial in the Himalayan period, and
shallow uplift and continuous deep burial followed by deep burial
in the Late Cretaceous, SOGP stopped when the paleotemperature
exceeded the corresponding maximum temperature, and TOGP
occurred before SOGP stopping and had a good junction (Xu and Jin,
2020b; Zhu et al., 2010; Jia et al., 2021). At this time, the initial Ro of
coal and coaly shale TOGP was 0.82% and 0.81%, respectively, and
the oil-generated parent macerals of coal were transformed from
residual hydrogen-rich collotelinite, collodetrinite, spirinite,
cutinite, and pre-oil bitumen to a small amount of cutinite and
secondary organic matter (heavy oil, post-oil bitumen, and pyro-
bitumen) (Liu et al., 2020; Schenk et al., 1997). The rise in tem-
perature leads to the cracking of oil and gas and solid residues (solid
bitumen and pyrobitumen), and consequently, the heavy oil is
converted into light hydrocarbons and residual insoluble bitumen
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(Liu et al., 2020; Mastalerz et al., 2018). Meanwhile, the biodegra-
dation of oil by microorganisms and the de-asphalting of oil cause
the initial oil yield of coal TOGP to be supplemented (Fig. 6 (Misch
et al., 2019)). Oil-generated parent macerals of coaly shale SOGP
were largely sporinite and cutinite, which were rapidly consumed
at the junction of SOGP and TOGP. After the temperature exceeded
400 �C, sporinite, cutinite, resinite, and telaginite stopped gener-
ating oil or slightly generated oil (Chen et al., 2017; Lee and Sun,
2016). The less oil-generated parent macerals in TOGP not only
resulted in the decline of oil yield but also caused the peak of oil to
reach at a higher temperature. Affected by the rapid burial depth of
the strata, there was a higher oil generation rate at the beginning of
TOGP at the junction (Xu and Jin, 2020b). According to previous
studies, the oil production potential begins to decrease as the
starting Ro increases (Xu and Jin, 2020b; Zheng et al., 2009). The oil
yield of coaly source rock SOGP and TOGP (Fig. 4), oil-generated
parent macerals such as cutinite and sporinite (Fig. 6), and other
biomarker parameters (Ts/Tm, C31S/(SþR), Pr/nC17, TNR, MDR) were
close at the transition (Fig. 8), indicating that the two oil generation
processes were well junctioned.
5.3. Differences and source identification of oil production from
coaly source rock during multi-time oil generation processes

Affected by oil-generated parent macerals at different times, the
compositions of coal and coaly shale oil production are different
(Wang et al., 2018). The different biomarker compound ratios were
used in oil production to differentiate the oil evolution processes in
the coal and coaly shale at different times. The difference between



Fig. 9. Parameters of saturated hydrocarbon series compounds and MDR vs. TNR for distinguishing lithologies and times coming from thermal simulation.
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the two oil generation processes of coal and coaly shale was
observed during the thermal simulation using the good isoprenoid
alkenes and hopane indicators such as Ts/Tm, C31S/(SþR), and Pr/
nC17 (Fig. 9b). Coal SOGP was characterized by extremely low Ts/Tm
(< 0.1) and a wide range of Pr/nC17 values. In addition to a wide
range of Ts/Tm, the coal TOGP process was characterized by high
C31S/(SþR) values. Compared with coal, coaly shale was more
distinct. Coaly shale SOGP had a low C31S/(SþR) value and a high Pr/
nC17 value, while TOGP Ts/Tm spaned a wider range (0.4e1.4) with
C31S/(SþR) and Pr/nC17 both in the middle ratio. After putting the
biomarker compound parameters of the saturated hydrocarbon of
YG1, KG4, and WS1 wells into the plate, we found that coaly shale
and coal belonged to SOGP and TOGP, respectively, which was
consistent with the actual situation (Fig. 9b). Therefore, different
times of coal and coaly shale were distinguished by Ts/Tm, C31S/
(SþR), Pr/nC17, and other saturated hydrocarbon indicators.

The parameters related to the maturity of aromatic compounds,
mostly including TNR and MDR (Li et al., 2015; Radke et al., 1982;
Radke et al., 1986), were used and fitted to the plates (Fig. 9).
Combining the results of the above thermal simulation experi-
ments and the established plates, we found that the SOGP and
TOGP of coal and coaly shale were less different in terms of phen-
anthrene parameters, but were well distinguished by TNR and
MDR. Coal SOGPwas characterized by low TNR and lowMDR, while
its TOGP had high TNR, and MDR covered a wider range than SOGP.
The MDR generally displayed a descending order of coaly shale
TOGP is higher than coaly shale SOGP than coal TOGP than coal
SOGP. Compared with coal, coaly shale SOGP was characterized by
higher MDR and TNR values similar to coal SOGP, and the TNR and
MDR values of coaly shale TOGP were the highest among the four.
The coal had a lower TNR value than the coaly shale, while the
TOGP of both lithologies had a higher MDR value than the SOGP
(Fig. 9a). The coaly source rocks parameters of some CeP wells in
Huanghua Depression also conformed to this classification.

The coaly source rocks of CeP in the Huanghua Depression have
contributed to commercial-scale produced hydrocarbons, among
which crude oil production is easier to identify and quantify, but
the identification of oil production of different lithologies at
different times is not yet clearly known. In our study, the two oil
generation processes, SOGP and TOGP, in CeP coal and coaly shale
were identified by biomarker compounds such as Ts/Tm, C31S/
(SþR), Pr/nC17, TNR, and MDR. This was consistent with the
research results of Li et al. (Li et al., 2014; Meng et al., 2021). The
biomarker compound parameters of wells WS1, YG1, QG8, and KG4
in the Huanghua Depressionwith different lithologies and different
times were also consistent with this classification (Fig. 9). This plate
provided a reference for global oil phase discrimination of similar
CeP coaly source rocks (Fig. 9).
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6. Conclusion

Therewere obvious differences in oil-generated parentmacerals
between CeP coaly source rocks in Huanghua Depression and
multi-time oil generation processes. The oil-generated parent
macerals of coal SOGP were primarily hydrogen-rich collotelinite
and collodetrinite, and hydrogen-rich sporinite and cutinite, and
the oil-generated parent macerals of TOGP were not only a small
amount of hydrogen-rich collotelinite, sporinite, and cutinite left
from SOGP but also dispersed soluble organic matter, unexhausted
stagnant hydrocarbon, and solid bitumen. Compared with coal, oil-
generated parent macerals of coaly shale SOGP lacked a large
amount of hydrogen-high vitrinite, largely sporinite and cutinite.
Besides, in addition to some of the remaining cutinite, there was a
small amount of crude oil from SOGP and bitumen that contributed
to its yield in TOGP. The difference in the type and content of oil-
generated parent macerals caused the coal to have excellent qual-
ity with higher hydrocarbon generation potential in comparison to
the coaly shale.

Compared with coaly shale, the coal had more hydrogen-rich
macerals (e.g., hydrogen-rich collodetrinite, sporinite, and cutinite
of liptinite), so coal was characterized by a higher oil yield peak and
earlier SOGP. The oil yield of coal was also higher at the junction.
But the TOGP yield of coal diminished faster, likely due to the lack of
late oil-generated parent macerals. At the beginning of coaly shale
TOGP, SOGP was still generating oil with low yield because of the
existence of residual sporinite and cutinite, dispersed soluble
organic matter, undischarged residual hydrocarbons, which pro-
moted a good junction between the two oil generation processes.
Both coal and coaly shale possessed higher SOGP aborted oil yield
than TOGP starting yield.

The SOGP and TOGP of coal and coaly shale were clearly
distinguished by biomarkers of saturated and aromatic hydrocar-
bons (such as Ts/Tm, C31S/(SþR), Pr/nC17, TNR, and MDR). Through
comparison with previous research results and data input of actual
wells, we found that these plots provided theoretical support for
the classification of oil generation times of CeP coaly source rocks
in the Huanghua Depression and other oil and gas resources in
areas with the similar geological background. For the sake of vali-
dation, more underground actual crude oil data are required to be
comparedwith simulation results. Isotope can also be used to assist
in subsequent research.
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