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ABSTRACT

The Jurassic coal-measure source rocks in the Junggar Basin have drawn considerable attention in recent
years. In our hydrocarbon thermal simulation experiments of these rocks, we found that the dark
mudstone evaluated as good source rock, had a much lower hydrocarbon generation capacity than the
coal and carbonaceous mudstone, evaluated as poor source rock. Based on this background, we per-
formed Fourier transform infrared spectroscopy (FTIR) and combined the results of semi-open thermal
simulation experiments to explore the association between the molecular structure and hydrocarbon
production capacity, with the aim of obtaining a new understanding of hydrocarbon potential of Jurassic
coal-measure source rocks from the perspective of molecular structure. The results indicate that coals
exhibit lower condensation of aromatic structures and higher relative abundance of aliphatic structures
with a higher degree of branched chaining than mudstones and carbonaceous mudstones. Apparent
aromaticity (f;), aromatic abundance parameter I, and degree of condensation (DOC) are negatively
correlated with organic matter abundance. The aliphatic structural parameter H demonstrates a sub-
stantial positive correlation with organic matter abundance. Furthermore, aliphatic relative abundance
factor A is associated with the type of organic matter; the better is the type of the organic matter, the
larger is the A value. The combination of the molecular structures with the thermal simulation results
shows that the aliphatic hydrogen enrichment of selected carbonaceous mudstone is similar to that of
coal. However, the relative abundance of the aliphatic group of it is high, and the DOC of the aromatic
structure is low, making the hydrocarbon generation base stronger and easier to crack. Thus, the hy-
drocarbon generation capacity of carbonaceous mudstone is slightly higher than that of coal. Mudstone
has low H and I values, and the DOC is high, indicating that its hydrocarbon base is low, so it has low
hydrocarbon generation capacity. Therefore, the molecular structure is closely associated with the hy-
drocarbon potential of coal-measure source rocks. When evaluating the qualities of coal-measure source
rocks, the influence of molecular structure on these rocks should be considered.
© 2024 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

mudstones mainly distributed in the Badaowan (J;1b), Sankonghe
(J18), and Xishanyao (Jx) formations (Cao et al., 2012; Gong et al.,

The Jurassic in Junggar Basin is a typical coal-bearing formation 2017; Gan et al., 2018; Yao et al, 2022; Wang et al., 2023). In
that is composed of coals, carbonaceous mudstones, and dark recent years, large amounts of oil and gas produced by Jurassic

source rocks have been discovered in the Piedmont depression belt
of the southern basin, the Sikeshu Sag, and the Zhong 4 and Zhong
2 blocks of Sinopec (Zhang and Liu, 2002; Zeng, 2020; Hou et al,,
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2021a; Wu et al., 2020; Yu et al.,, 2022). Furthermore, the Jurassic
coal-measure source rocks in the Junggar Basin have gained
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increasing attention with the growing interest in the study of coal-
derived gas and oil. Numerous studies have been conducted on the
organic matter abundance, type, and maturity of the Jurassic coal-
measure source rocks in different blocks, demonstrating features
such as high total organic carbon content (TOC) values and mac-
erals dominated by vitrinite, which is similar to the Tuha Basin coal
strata (Li et al., 2009; Li et al., 2019; Qiao et al., 2020; Zeng, 2020). To
guide future exploration, it is necessary to determine whether the
Jurassic coal-measure source rocks have good hydrocarbon
potential.

Many studies have investigated the hydrocarbon potential of
coal-measure source rocks in the study area through hydrocarbon
thermal simulation experiments but obtained contradictory re-
sults: Yang et al. (2021) concluded that the hydrocarbon potential of
dark mudstones and coals are higher, whereas Yu et al. (2022) re-
ported that carbonaceous mudstones have the highest hydrocarbon
potential. Thus, which type of hydrocarbon source rock has more
excellent hydrocarbon potential remains controversial. In our
study, we found that the hydrocarbon-generating capacity of
carbonaceous mudstones evaluated as fair source rocks was greater
than that of mudstones evaluated as good source rocks. This sug-
gests that the hydrocarbon potential of coal-measure source rocks
is influenced by other factors. Previous studies have also demon-
strated that some conventional parameters such as the H/C and HI
are ineffective in evaluating the oil-generating potential of coal
samples and terrestrial organic matter (Peters, 1986; Powell and
Boreham, 1991; Curry et al., 1994; Isaksen et al., 1998; Killops
et al., 1998). Therefore, determining how to scientifically evaluate
the hydrocarbon potential of coal-measure source rocks is an issue
that needs to be addressed.

The main hydrocarbon-generating macerals of coal-measure
source rocks are exinite and matrix vitrinite (Peters, 1986; Killops
et al., 1998). The Jurassic coal-measure source rocks in the Junggar
Basin are similar to those in the Tuha Basin, with their micro-
components dominated by vitrinite, and their hydrocarbon poten-
tials are linearly associated with the hydrogen-rich matrix vitrinite;
this indicates that the hydrogen-rich structure is a critical influ-
encing factor of the hydrocarbon potential of the coal-measure
source rocks in the Junggar Basin (Tao et al., 2018; Wang et al.,
2021; Zeng, 2020). In view of this, we conducted Fourier trans-
form infrared spectroscopy (FTIR) experiments to explore the
composition of the macromolecular structure of the coal-measure
source rocks and demonstrate the association between the molec-
ular structure and the hydrocarbon potential. In addition, we con-
ducted semi-open thermal simulation experiments, attempted to
demonstrate the phenomenon of the difference in the yield of
various types of products that occurred in the thermal experiments
through the molecular structure, and determined whether the
organic macromolecular structure of the coal-measure source rocks
canreflect the magnitude of their hydrocarbon generation potential.

2. Geological settings

The Junggar Basin is a closed triangular inland basin located in
the eastern half of the Kazakhstan-Junggar Plate; it is bounded to
the south by the Northern Tianshan and Bogda orogenic belts, to
the west by the Junggar orogenic belt, and to the north by the
Kramerian orogenic belt (Fig. 1(a)) (Zhi et al., 2023; Zhu et al,,
2023a; Zhang and Wang, 2023).

The Jurassic coal-measure source rocks are widely distributed in
the Junggar Basin, extending not only across the whole basin but also
into the surrounding intermountain basins. These rocks are also
mainly distributed in the Badaowan (Jib), Sangonghe (J;s), and
Xishanyao (Jox) formations. The lithology of the J1b is essentially
thick-bedded sandstone, sandy conglomerate interbedded with coal
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seams, and dark mudstone; the lithology of the J;s is mainly sand-
stone, sand conglomerate, and dark mudstone interbedded with thin
coal seams; and the lithology of the Jox is mainly dark gray mudstone
and sandstone (Fig. 1(b)). Among them, the J;b and ],x have existed
coal-gathering centers in both the southern and abdominal areas (Qiu
etal, 2021; Zhang et al., 2022; Yang et al., 2022).

The Junggar Basin is a large superposition basin that has been
formed by multiple phases of tectonic movements since the
Paleozoic. In the early stage of the Paleozoic, the ancient ocean
developed in the present western border mountain of the Junggar
Basin, resulting in the separate formation of the Junggar-Turbo
microplate. This microplate clashed and connected again with the
Kazakhstan plate around the end of the Early Carboniferous period,
generating the North Tianshan nappe structure and the Bogda
tectonic belt (Li et al., 2016, 2018). From the Permian on, the
seawater gradually withdrew to the southeast and transformed
into a full-scale foreland basin, finally evolving into a large intra-
land depressional lake basin, with the Junggar Basin and adjacent
areas all entering the era of intraland lake basins, of which the Early
and Middle Permian belongs to the foreland basin stage, and the
Late Permian and Triassic evolved into the intraland depressional
stage (Zhu et al., 2023b). The Early and Middle Jurassic period is
characterized by extensional subsidence, after which rightward
twisting occurs, and gradually converts from extension to extru-
sion, and only the Changji Sag is characterized by continuous
subsidence. After the Cretaceous, a large intraland unified depres-
sional basin formed, the sedimentation center moved to the south,
the thickness of the sediment increased, and the tectonic pattern of
the southern depression and northern slope continued for a long
time. During the Neoproterozoic and Quaternary, with the large-
scale uplift of the Northern Tianshan Mountains, the southern
edge of the Junggar Basin strongly subsided, and a few alluvial
folding zones developed (Long et al., 2023; Ding et al., 2020; Zeng,
2020; Zhu et al., 2023c).

3. Samples and experiments
3.1. Samples

In this study, most of the samples were gathered from the
Dongdaohaizi Sag, the Yongjin-Moxizhuang area in the middle of
the basin, and the outcrops of the Tiechanggou (TCG) and Haojia-
gou (HJG) areas in the southern edge of the basin (Fig. 1(a)). The
samples cover three major Jurassic formations (Jis, J1b, and J»x),
including 10 dark mudstone samples (N1—-N10), 6 carbonaceous
mudstone samples (TN1-TN6), and 3 coal samples (M1-M3).

3.2. TOC and rock-eval analysis

The TOC of the samples was measured using a LECO CS-230
analyzer, and the rock pyrolysis experiment was conducted using a
Rock-Eval-VI instrument. This instrument was also used to mea-
sure Sy, Sy, and Tpax (temperature of maximum kerogen cracking)
in accordance with the Chinese Petroleum Industry Standard of
Rock-Eval analysis GB/T (18602—2012).

3.3. Fourier transform infrared spectroscopy measurements

The instrument used in the FTIR measurements was a Vertex
80v infrared spectrometer (Bruker, Germany). The samples under-
went KBr press pretreatment after being crushed to less than 200
mesh. For complete pulverization and mixing, 500 mg of KBr
powder and 5 mg of coal sample were ground in an agate mortar for
10 min. Then, P05 was used to dry the pellets under a vacuum for
48 h.
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Fig. 1. (a) Structural position and geological section of Junngar Basin and (b) comprehensive stratigraphic column of Junngar Basin.

3.4. Semi-open thermal simulation experiment

The experiments were performed at the Guangzhou Institute of
Geochemistry of the Chinese Academy of Sciences. A semi-open
pyrolysis experiment allows the control of the pressure inside the
reaction system for the continuous expulsion of the products, i.e.,
oil and gas are generated and discharged simultaneously. Product
collection and pyrolysis devices make up the experimental setup,
and a stainless-steel oil drain pipe with a 1 mm inner diameter
connects the two devices (Fig. 2). Generated gas was collected by
the gas cylinder, and the instrument used for the natural gas
component test was Agilent 6890 N GC (Hou et al., 2021b; Guo
et al.,, 2022; Huang et al., 2023; Takahashi and Suzuki, 2017; Han
et al., 2023). The temperature of the pyrolysis device was
increased from an ambient temperature to 200 °C over 2 h and then

Top support beam

Asbestos insulation board

Top fixed plunger
Top movable plunger
Graphite sealing ring
Sample cylinder
Electric furnace
Pressure sensor
Sample

Pressure transmission and
oil-water separator

Lower movable plunger
Water pump

Graphite sealing ring

Lower fixed plunger

Vacuum valve
Asbestos insulation board

Cold trap

Gas cylinder

Fig. 2. Schematic diagram of the experimental apparatus.
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to pyrolysis temperature at 20 °C/h. The sampling points designed
in this study were 300, 320, 340, 360, 380, 400, 420, and 450 °C.

4. Results and discussion
4.1. Pyrolysis characteristics

As listed in Table 1, the TOC values of dark mudstones range
from 0.16% to 3.07%, and the S{+S; value ranges from 0.09 to
12.75 mg/g. Moreover, as shown in Fig. 3, N1, N3, N4, and N8 belong
to poor source rocks; N7 and N9 to fair source rocks; and N2, N6,
N5, and N10 to good source rocks. For the carbonaceous mudstone
samples, the TOC values range from 2.29% to 13.79%, and the S1+S;
value ranges from 1.62 to 12.61 mg/g, which is higher than that of
dark mudstone samples; most of the carbonaceous mudstones are
poor to fair source rocks, as shown in Fig. 4. The TOC values of coals
span a wide range, and their S1+S; value is less than 120 mg/g,
making them poor source rocks, which may be influenced by field
washing and weathering. Samples of the same lithology have a
wide range of TOC and S1+S; values, with some having high TOC
and low S1+S; or low TOC and high S1+S; values (such as N6 and
N10). As shown in Fig. 5, the organic matter types of the different
source rocks are mainly Il and III, whereas N5 is type 1.

Previous studies have demonstrated that when the sample
reaches the high-maturity stage, the structural parameter will
exhibit opposite trends, which impacts our exploration of the fac-
tors influencing hydrocarbon potential (Lis et al., 2005; Bayon et al.,
2011; Liu and He, 2017). In this study, the selected samples were in
the low-maturity stage, had a maximum pyrolysis temperature
(Tmax) of less than 455 °C, and had a R, value between 0.5% and 1.2%,
as shown in Table 1.

4.2. Characterization of fourier transform infrared spectroscopy
structural parameters

According to the adsorption spectra corresponding to the
functional groups, the FTIR absorption spectra can be divided into
four regions: aromatic (700-900 cm™!), oxygen-containing
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Table 1
Results of Rock-eval/TOC analysis and calculated parameters of samples from three types of source rocks in Junngar Basin.
Sample ID Well & location Depth, m Formation Lithology OM type  TOC, % S1+S,, mg/g HI, mg HC/g TOC Tiax» °C Ro, %
N1 Shal1 4338.5 b Mudstone Il 133 1.08 73.16 448 0.82
N2 Cheng3 4484.0 b Mudstone Il 3.07 5.02 136.78 447 0.76
N3 TCG Jox Mudstone I 0.55 0.09 12.70 445 0.86
N4 Zhuang7 4066.0 Jis Mudstone Il 0.88 0.68 71.60 445 0.83
N5 Sha3 3462.0 Jis Mudstone I 2.52 12.75 500.15 444
N6 HJG b Mudstone I 3.07 0.60 2643 438 0.52
N7 Shal 3968.1 Jis Mudstone Il 1.52 2.78 17711 438
N8 HJG Jis Mudstone Il 1.20 0.82 196.16 430 0.53
N9 HJG Jis Mudstone 11 191 240 29.79 428
N10 Dong6 5662.5 Jib Mudstone 111 0.16 6.46 99.31 419
TN1 Cheng1 49129 I Carbonaceous mudstone 114 410 6.69 156.20 451 117
TN2 TCG b Carbonaceous mudstone 111 13.80 5.84 40.37 440 0.62
TN3 Cheng1 4406.8 Jox Carbonaceous mudstone I 3.09 2.64 80.85 439
TN4 Cheng1 4404.5 Jox Carbonaceous mudstone Il 6.92 12.61 178.87 439 0.57
TN5 TCG Jox Carbonaceous mudstone 11 13.33 5.63 43.67 435 0.53
TN6 Cheng1 4870.1 Jis Carbonaceous mudstone I 2.29 1.63 64.01 414
M1 HJG Jis Coal 1l 50.90 116.75 221.90 438 0.52
M2 HJG b Coal 111 27.80 11.72 41.33 424 0.54
M3 TCG Jox Coal 11 29.50 11.67 38.38 429 0.52

Note: The spaces mean there is no value here. S1-+S,, generation potential, mg HC/g rock; Tmax, the temperature of the maximum rate of release of hydrocarbons (corre-
sponding to S, peak), °C; TOC, total organic carbon, wt%; HI, hydrogen index (S, x 100/TOC), mg HC/g TOC; R,, vitrinite reflectivity, %.
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Fig. 3. Plot of S;+S, values versus TOC contents for mudstones (modified after Chen
et al,, 1997).

(1000—1800 cm™1), aliphatic (2800—3000 cm!), and hydroxyl
(3000—3600 cm™ 1) structure regions (Patterson et al., 1986; Painter
et al,, 1981; Adams et al., 2005; Cesar and Quintero, 2020). Simul-
taneous baseline corrections were performed for the aforemen-
tioned regions of the selected spectral regions, followed by curve
fitting analysis. Based on the shape of the spectral bands, complex
spectra are fitted using a combination of Lorentzian and Gaussian
functions (as shown in Fig. 6; take sample N1 as an example). The
curve-fitted spectra can then be used to determine the FTIR
parameters.

The FTIR curves of the three different types of source rocks
obtained after baseline correction are shown in Figs. 7—9, and the
results indicate that the adsorption peaks of each type share a
similar morphology, suggesting that they have a similar functional
group structure. It can be seen that the spectra are characterized by
strong aliphatic C—H stretching bands from 2800 to 3000 cm ™,
strong intensities of aromatic (C=C) stretching vibration near
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1600 cm~), and the strongest intensities of C—O stretching from
1000 to 1300 cm~ . However, the peak heights and areas of the
adsorption peaks are quite different. As shown in Fig. 10, the rela-
tive value of the area for the absorption peak of the aromatic
structure gradually increases from dark mudstone to coal, and there
is not much change in the relative value of the area for the ab-
sorption peak of the aliphatic structure.

Previous studies showed that the predominantly aromatic and
aliphatic structures associated with the composition of organic
matter in hydrocarbon source rocks (Patterson et al., 1986; Ibarra
et al,, 1996; Marshall et al., 2001; Wang et al., 2011, 2016; Pan
et al., 2023) proved that the characteristics of the aliphatic func-
tional group areas of kerogen are consistent with those of the
source rocks. Thus, we mainly analyzed the aliphatic and aromatic
structures, and selected the aromatic structure parameters,
apparent aromaticity f,, aromatic abundance parameters I, and
degree of condensation DOC (Chen et al., 2014; Zhou et al., 2015; Liu
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fa is an aromatic structure parameter, representing the fraction
of carbon atoms in the aromatic structure (Wang et al., 2011; Zhang
et al., 2021). This parameter is mainly calculated as follows:

c) /18

fa:1—(A

where A2g00-3000 and A7p0-900 correspond to the integrated peak
area of 2800—3000 and 700—900 cm™', respectively. H/C is the

A2800-3000
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28003000 +A700-900 C

concentration ratio of hydrogen atoms to carbon atoms.

I characterizes the coal grade and aromaticity and can be used to
compare the relative abundance of aromatic and aliphatic func-
tional groups (Zhou et al., 2015; He et al., 2017). This parameter is

calculated as follows:

[ — A700-900
A2800-3000

DOC denotes the level of condensation of the aromatic ring in
the macromolecular system and is related to the area of the cor-
responding integral peak at 1600 cm
2016; He et al., 2017), which represents the intensity of the aro-
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Fig. 8. FTIR curves of carbonaceous mudstone samples (including samples TN1—-TN6).

poc - A700-900
A1600

(3)

where A700-900 and A1sop correspond to the integrated peak area of
2800—3000 and 1600 cm™!, respectively.

A (CH3)/A (CH3) characterizes the fat chain length and degree of
branched chaining; the greater is the value of this parameter, the
longer and less branched are the fat chains of the samples (Zhou
et al., 2015; Liu et al., 2016). The —CH; to —CH3 intensity ratio can
be obtained using the following equation:

A(CHy) _ Az915-2040
A(CHs3)  A2950-3000

H is merged with hydrogen-rich parameters from earlier studies
(Guo et al,, 2014) and is mainly utilized to respond to the relative
abundance of C—H bonds in aliphatic groups; it is calculated as
follows:

(4)
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_ A2900-3000
A2900-3000 + A700-900

H (5)
A represents the enrichment of the aliphatic group and is
calculated as follows:

A2800-3000

A=
A2800-3000 + A1600

(6)

The FTIR spectra were peaked and fitted using the Origin8.5
software, and the fitted peaks were calculated for each spectral
range; the fitting results indicated that the fit of each sample's FTIR
spectra was more than 0.98 (Fig. 6). On this basis, the value of
related parameters was calculated using Eqs. (1)—(6).

The results are presented in Figs. 11 and 12, and Table 2. For the
aromatic structure parameters, the results indicate that the dark
mudstone has the highest f, value (between 0.77 and 0.92, with an
average of 0.87), followed by carbonaceous mudstone (between
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0.67 and 0.83, with an average of 0.75) and then coal. This shows
that the fraction of carbon atoms in the aromatic structure of coal is
lower, whereas that of the dark mudstone is higher. The distribu-
tion of the I value is similar to that of the f; value, which also shows
that dark mudstone > carbonaceous mudstone > coal, indicating
that the proportion of aromatic functional groups in coal and
carbonaceous mudstone is lower than that in dark mudstone. The
DOC value shows that the aromatic structure of dark mudstone has
a higher DOC than that of the other two types, suggesting that it is
more antioxidant and more stable.
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For the aliphatic structure parameters, coal has relatively low A
values, ranging from 0.11 to 0.22, indicating a relatively high
aliphatic abundance of coal. However, the H value of coal is
considerably higher than that of the other two types, with values
ranging from 0.56 to 0.83 (average 0.67), indicating that the
aliphatic structure of coal contains a comparatively high proportion
of C—H bonding structures, suggesting that coal is comparatively
rich in hydrogen. The A (CHy)/A (CHs) values indicate that coal is the
most branched, followed by dark mudstone, showing that coal is
richer in aliphatic structures with methyl compounds.
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Table 2
Calculation of molecular structure parameters of samples from three types of source rocks in Junngar Basin.

Sample ID Well & location Depth, m Formation Lithology DOC I fa A (CH2)/A (CH3) H A

N1 Shall 4338.5 Jib Mudstone 3.68 3.29 0.87 3.71 0.23 0.53
N2 Cheng3 4484.0 J1b Mudstone 1.07 1.61 0.79 3.35 0.39 0.40
N3 778 Jox Mudstone 1.76 6.05 0.92 2.87 0.14 0.23
N4 Zhuang7 4066.0 Jis Mudstone 3.97 3.86 0.89 3.13 0.20 0.51
N5 Sha3 3462.0 Jis Mudstone 1.75 145 0.77 3.25 0.41 0.55
N6 HJG Jib Mudstone 1.36 3.17 0.87 5.28 0.24 0.19
N7 Shal 3968.1 Jis Mudstone 218 6.17 0.92 4.45 0.14 0.26
N8 HJG Jis Mudstone 3.05 5.20 0.91 3.07 0.16 0.37
N9 HJG Jis Mudstone 1.13 3.88 0.89 3.51 0.20 0.23
N10 Dong6 5662.5 Jib Mudstone 3.24 3.13 0.86 333 0.24 0.51
TN1 Chengl 4912.9 Jis Carbonaceous mudstone 0.71 1.32 0.76 3.29 0.43 0.35
TN2 TCG J1b Carbonaceous mudstone 0.27 1.30 0.76 4.05 0.43 0.19
TN3 Cheng1 4406.8 Jox Carbonaceous mudstone 0.85 2.21 0.83 4.77 0.31 0.28
TN4 Chengl 4404.5 Jox Carbonaceous mudstone 0.52 0.84 0.69 224 0.56 0.38
TN5 TCG Jax Carbonaceous mudstone 0.18 0.71 0.67 2.18 0.59 0.20
TN6 Cheng1 4870.1 Jis Carbonaceous mudstone 0.57 1.83 0.80 591 0.36 0.24
M1 HJG Jis Coal 0.05 0.20 0.71 2.05 0.84 0.22
M2 HJG Jab Coal 0.30 1.35 0.54 2.50 0.47 0.17
M3 TCG Jox Coal 0.07 0.57 0.65 2.68 0.64 0.11

Note: The spaces mean there is no value here.

4.3. Influence of molecular structure characteristics on hydrocarbon
potential

Because of the differences in the molecular structure of coal-
measure source rocks, we investigated the relationship between
the characteristics associated with the hydrocarbon potential of
source rocks and their molecular structure parameters by lithology;
and the correlation results are presented in Figs. 13—16.

Fig. 13 shows that most of the aromatic structural parameters
are negatively correlated with the organic matter abundance pa-
rameters. Among the three lithologies, when the I value is higher,
the S1+S; and TOC values of the samples are lower, indicating that
the organic matter abundance and pyrolytic hydrocarbons of the
hydrocarbon source rock are higher when the percentage of the
aliphatic structure content is higher and the percentage of the ar-
omatic structure content is lower. Regarding f,, overall, as the S1+S,
and TOC values of the samples increase, the f, value decreases,
clearly showing the correlation between f, and TOC, which in-
dicates that the level of carbon atom fraction in the aromatic
structure is mainly related to the TOC value of coal-measure source
rocks. The DOC values have no significant linear correlation with
the S1+S, and TOC values, but in general, samples with high S{+S,
and TOC values have lower DOC values, proving that the lower is the
DOC of the aromatic structure, the higher is the abundance of
organic matter in source rocks and the better is its quality. In
summary, when the coal-measure source rock has a high abun-
dance of organic matter, its aromatic structure should have a lower
DOC, carbon fraction, and proportion of its aromatic structure.

Fig. 14 shows that, except for the H value, the aliphatic charac-
teristics have a weak association with the hydrocarbon potential
parameters. Fig. 14(c) and (d) demonstrate that the A (CH,)/A (CH3)
value in carbonaceous mudstone samples has a significant negative
correlation with the pyrolysis parameters, indicating that as the
aliphatic methyl group increases and the methylene group de-
creases, the hydrocarbon production of carbonaceous mudstone
increases. In all three types of source rocks, the H values exhibit a
substantial positive correlation with S1+S; and TOC. This implies
that the hydrocarbon potential of source rocks increases as the
percentage of aliphatic hydrocarbon structure increases. That is, the
influence of aliphatic structure on the hydrocarbon potential of
source rocks is reflected in the fraction of total aliphatic C—H bonds,
whereas the remainder of the influence on the hydrocarbon

2976

potential is rather negligible. Furthermore, as presented in Figs. 13
and 14, the aromatic structural parameters are more correlated
with the TOC values whereas the aliphatic structural parameters
are more correlated with the S1+S; values.

Figs. 15 and 16 show that when the organic matter type is better,
the value of aliphatic abundance factor A is higher. The A value of
mudstone is higher than those of carbonaceous mudstone and coal
for the same organic matter type. The organic matter type and the
rest of the parameters do not appear to be related. This implies that
the organic matter type of coal-measure source rocks is correlated
with aliphatic abundance factor A, indicating that the higher is the
organic matter type, the higher is the A value.

Fig. 17 presents the relationship between molecular structure
parameters and the value of Tpax. Overall, there is no substantial
correlation between the molecular structure parameters and Tax
for carbonaceous mudstones and mudstones. For coals, the DOC
and I values exhibit a weak positive correlation with Ty ,x, Whereas
the H values show a substantial negative correlation with Tpay,
indicating that as the maturity of coal increases, the condensation
of its aromatic structure increases and the relative abundance of the
fatty structure considerably decreases.

In summary, the organic macromolecular structure is closely
related to various hydrocarbon potential parameters. The quality of
coal-measure source rocks will be the highest when the DOC,
fraction of carbon atoms, and overall percentage of aromatic
structure are low and the percentages of aliphatic structure and
C—H bonding are high.

4.4. Discussion of the semi-open pyrolysis results from the
molecular structure

We selected different types of coal-measure source rocks (N6,
TN2, M2) from the same area (southern edge of Junggar Basin) and
formation (J1b) to conduct thermal simulation experiments in a
semi-open system. Table 3 presents the basic information and
characteristics of the structure parameters of the samples.

The semi-open pyrolysis experiments revealed that while the
yield trends of the different products from each of the three types of
source rocks were comparable, the yield among the different
products varied. Fig. 18(a)—(c) show the variations in the yield of
gaseous (C1—Cs), light (Cs—Ci4), and heavy (Cy4.) hydrocarbons.
Fig. 18(a) illustrates how the gaseous hydrocarbon yield of the



T-C. Ge, X.-C. Chang, G.-L. Zhang et al.

(a) 10°
A Carbonaceous mudstone
® Mudstone
B Coal
102 4
[ ]
(=)
o
g
FIRCE ud ®
A [
+ [
(%)
A o °
A
100 (]
o °
[ ]
10+ T T T T T T T T
0 0.5 1.0 15 20 25 3.0 3.5 4.0 45
DOC
(c) 100
A Carbonaceous mudstone
® Mudstone
W Coal
102 4 =
]
o
2
£
~ 10 Ag (]
k4 °
¥ A ? I
(%)
A o ©
A
§ °
100 °
o ®
101 T T T T
0. 0.6 0.7 0.8 0.9 1.0
fa
(e) 10¢
A Carbonaceous mudstone
@ Mudstone
B Coal
100 ®
\
. y=-0.86x+222
. R?=099
o \
= \
=)
€
< 101 4
9P °
2 - y=-025x+1.13 °
e ® R?=031
o ° S
10 o -.e
° el
101 T T T T T T
1.0 20 3.0 4.0 5.0 6.0 7.0

(b)

TOC, wt%

(d)

TOC, wt%

()

TOC, wt%

Petroleum Science 21 (2024) 2969—2983

102
A Carbonaceous mudstone
.. @ Mudstone
B Coal
]
101 4
A
A
Ao o
A o
[ ]
e ° °
100 4 °
[ ]
[ ]
101 T T T T T T T T
0 0.5 1.0 15 20 25 3.0 3.5 4.0 45
DOC
102 -
N
A Carbonaceous mudstone
N @® Mudstone
\.\ W Coal
N
.
N, A
101 4 \'\.
~
« A
N
N,
N,
~.
100 4
10~ T T T T
0. 0.6 0.7 0.8 0.9 1.0
fa
102
y=-0.22x+1.74 A Carbonaceous mudstone
= R?=0.98 @ Mudstone
sl W Coal
a
A
10" ~_ A
o y=-043x+1.33
> R?=0.65
y=293x-0.345
~A R?=0.42
[ ]
. [ ]
100 ° el
° e
10~ T T T T T T
0 1.0 20 3.0 4.0 5.0 6.0 7.0

Fig. 13. Cross—plots of (a) DOC versus S;+S,, (b) DOC versus TOC, (c) f, versus S1+S,, (d) f; versus TOC, (e) I versus S;+S,, (f) I versus TOC for coal-measure source rocks.

2977



T-C. Ge, X.-C. Chang, G.-L. Zhang et al.

(a) 10 (b)

A Carbonaceous mudstone

@ Mudstone N

_.- -
W Coal w7 y=072x+1.11
R?=0.97
A A
10" 4 y=224x-0.24 -7

- R2=054 .7 A =)
> e >
E - g

o [ ] Ao Y
Q ¥ (%)
9 ° _ A- +

.. .- - (%))
1009 _-"@ y=167x-031
2=
° R?=0.15
[ ]
10~ T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
H
(c) 1 (d)
A Carbonaceous mudstone
. - @ Mudstone
W Coal
]
A A
101 ~—— -

X PR y=1.33x-0.153 o
xR el R2=0.34 >
] A el £

N (] TAk-_ @ g
8 ) Th-l_ A %)
o PY = +

° b ° @
100 4 °
[}
[ ]
10~ T T T T T T T T T
15 2.0 25 3.0 35 4.0 45 5.0 55 6.0 6.5
A(CH,)/A(CH;)
(e) 10 ()
A Carbonaceous mudstone
- = @ Mudstone
- W Coal
A A
101 4
A o

£ 5

S A £
> Ao ° S

[©] L] n
O o ¥
= =

[ ] ° n

100 4 ®

[ ]
[ ]

[ ]

101 T T T T

0.1 0.2 0.3 0.4 0.5 0.6
A

Petroleum Science 21 (2024) 2969—2983

103
A Carbonaceous mudstone
® Mudstone
W Coal
102 4 -
.
y=273x-0.15
R?=0.95
101 o
L P
® o A ’A’ y=226x-033
- 2 =
100 4 o ‘® R?=0.59
Peo
y=4.56x-0.88
R?=0.46
10+ 4 °
10-2 T T T T
0 0.2 0.4 0.6 0.8 1.0
H
103
A Carbonaceous mudstone
® Mudstone
W Coal
102 4 -
|}
101 4 ~-Am ° y=1.39x-0.192
A - ‘i A R?=0.79
° Tre. A ~
—— A
100 4 ® :
% o
10+ 4 °
10-2 T T T T T
1.0 20 3.0 4.0 5.0 6.0 7.0
A(CH,)/A(CH3)
103
A Carbonaceous mudstone
® Mudstone
W Coal
102 4 -
| ]
101 ™ A ]
A A A, o
o ©®A
A
4 ]
100 °
Y [ ]
10~ T T T T
0.1 0.2 0.3 0.4 0.5 0.6
A

Fig. 14. Cross—plots of (a) H versus TOC, (b) H versus S;+S,, (¢) A (CH3)/A (CH3) versus TOC, (d) A (CH;)/A (CH3) versus S;+S,, (e) A versus TOC, (f) A versus S1+S, for coal-measure

source rocks.

2978



T-C. Ge, X.-C. Chang, G.-L. Zhang et al.

1.0
° °
0.9 A d
° A e ® o
A
0.8 ° A
L ]
“® A A
0.7 4 A"
A Carbonaceous mudstone A -
0.6 1 ® Mudstone
m Coal -
0.5 — T T T T T T T T T T T T T T T T T T
I Iy I, I, I, I, I, I, T, II NI II II 1T II IOI I 10 0o
100
A A
10 5 . A
°
O o L e °® o ° A A
(@) 14 ° ® o
Q -
A Carbonaceous mudstone
0.1 7 e Mudstone - ™
m Coal
0.01 — T T T T T T T T T T T T T T T T T T
I 1y I 1, I I, I, I, I, I Il NI 1 IOr I 1o mr nr Ir
7
6 - ° ° A Carbonaceous mudstone
° ® Mudstone
5 1 = Coal
- 4 A ° °
34 L4 ) °
2 4 4 a
14 ® a ° A ]
A A -
0 — T

oIy 1 I I I I I, Ir mor m mr mr mr o mr 1 ir

Fig. 15. Distribution of aromatic parameters according to the type of organic matter in
the three types of source rocks.

0.6
[ ]
0.5 - ° o
0.4 1 ° A
A d °
<< 0.3 A ° 1 A
- © ° A
0.2 { A Carbonaceous mudstone a A .
® Mudstone -
0.1 4
m Coal
0 — T T T T T T T T T T T T T T T T
I Iy I I I I I, I, I, Il Il [0 1 Hor mr mor 1 mr I
1.0
A Carbonaceous mudstone -
0.8 1 @ Mudstone
m Coal
0.6 N A "
T
|}
044 o 4 . 4 a
A
4 ° ° o o, °
02 .« ® .
0 — T T T T T T T T T T T T T T T T
I Iy I, I, I, I, I, I, I, II II II IOI II I IO IO IO I
7
g A Carbonaceous mudstone
I"’ 6 1 @ Mudstone A
O 54 mCoal ®
= A
< [ ]
= 4 ° A
o [ ]
T 3 o A ° o ° [
Q ° = "
< 2 4 0m A
1 — T T T T T T T T T T T T T T T T T

T Iy I I I I I I I II Il 1T I II 00 Or I 1 I

Fig. 16. Distribution of aliphatic parameters according to the type of organic matter in
the three types of source rocks.

samples increased as the temperature increased, and they are
roughly characterized as coal > carbonaceous mudstone > dark
mudstone. Before 380 °C (corresponding to 0.93% R,), the gaseous

2979

Petroleum Science 21 (2024) 2969—2983

hydrocarbon production rate slowly increases and reaches the first
inflection point at 380 °C, after which the gaseous hydrocarbon
production rate increases faster. For carbonaceous mudstone, its
gaseous hydrocarbon production rate reaches the second inflection
point at 420 °C (corresponding to 1.34% R,). This indicates that the
first important stage of the rapid production of gaseous hydrocar-
bons in carbonaceous mudstone occurs between 380 °C and 420 °C,
which is the hydrocarbon gas stage of the tyrosine degradation. The
stage of the cracked gas has not yet been reached, and the hydro-
carbon gas stage of the tyrosine degradation of the mudstone and
coal begins at 380 °C. Fig. 18(c) demonstrates that coal has the
highest heavy hydrocarbon yield, with an inflection point at 420 °C,
indicating that heavy hydrocarbons crack when the temperature is
increased further. Fig. 18(b) shows that carbonaceous mudstone has
the highest light hydrocarbon yield. The light hydrocarbon yield is
substantially higher than the yields of gaseous and heavy hydro-
carbons for all lithologies, and dominated the trends in total
production.

The findings of earlier studies on coal-measure source rock
differ from the findings of the present study (Yang et al., 2021; Yu
et al., 2022). According to the pyrolysis parameters of coal and
carbonaceous mudstone, coal should have the highest hydrocarbon
production capacity, but if it is based on the quality evaluated ac-
cording to the evaluation criteria the mudstone should have the
highest hydrocarbon production capacity. Therefore, it is possible
that another factor is influencing the hydrocarbon potential of the
coal-measure source rocks.

From organic molecular structure perspective, the above phe-
nomenon can be well explained as follows (Table 3): (1) According
to the A (CH3)/A (CH3) values, mudstone has the highest A (CH3)/A
(CH3) value, followed by carbonaceous mudstone and coal, indi-
cating that the carbon chain in coal is the shortest; moreover, the
proportion of methyl content is extremely high. Therefore, when
the pyrolysis process occurs, the coal will have more —CHs to
fracture to form methane compared to carbonaceous mudstone
and mudstone, coal should show a high value of the gaseous hy-
drocarbon yield, and the process of gaseous hydrocarbon produc-
tion is the longest. (2) The H value of coal is slightly higher than that
of carbonaceous mudstone, but the DOC, I, and A values show that
the aromatic system of carbonaceous mudstone has a lower DOC
and a higher proportion of aliphatic structure; this implies that
carbonaceous mudstones have a slightly higher potential to pro-
duce hydrocarbons than coal. (3) For the phenomenon of higher
heavy hydrocarbon yield in coal rock, the proportion of the “~CH-"
structure can be used to explain, it can be calculated by the
following formula: percentage of “—CH-" = A2900/A2800-3000,
where Asg00-3000 and Axggg correspond to the integrated peak area
of 2800—3000 and 2900 cm™! respectively. Using this formula, the
percentage of “—~CH—-"in coal was calculated to be 19.5% vs. 14.4% in
carbonaceous mudstone, indicating that the structure of the
aliphatic C-chain has more branches and is more complex in coal.
Combined with the high DOC of the aromatic system of coal, the
structure of the aromatic group in coal is also more complex. The
number of carbon atoms in the product after the long-chain
breakage is still higher; hence, its heavy hydrocarbon yield is higher
than mudstone and carbonaceous mudstone.

In summary, the molecular structure efficiently explains the
simulation results of the semi-open pyrolysis experiments,
demonstrating the close relationship between the molecular
structure and the hydrocarbon potential of coal-measure source
rocks. The molecular structure can be combined when evaluating
the good or bad quality of coal-measure source rocks.
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Table 3

Characterization of basic parameters of experimental samples for semi-open thermal simulation.

Sample ID Well & location Formation Lithology Pyrolysis parameter Molecular structure parameter

OM type TOC,% Si+S;, mg/g Tmax, °C DOC [ fa A (CH)/A(CH3) H A
N6 HJG J1b Mudstone Il 3.07 0.60 438 136 3.17 087 5.28 024 0.19
TN2 TCG Jib Carbonaceous mudstone Il 13.80 5.84 440 027 130 0.76 4.05 043 0.19
M2 HJG Jib Coal I 2780 11.72 424 030 135 0.54 2.50 047 0.17
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Fig. 18. Yields of (a) gaseous hydrocarbons, (b) light hydrocarbons, (c) heavy hydrocarbons, and (d) total produced hydrocarbons from pyrolysis experiments in semi-open systems.

5. Conclusion

In this study, FTIR tests and semi-open thermal simulation ex-
periments were conducted on Jurassic coal-measure source rocks
from the Junggar Basin. The following conclusions were drawn.

(1) Among the three types of source rocks, coal has a higher
percentage of aromatic structures but a lower percentage of
carbon atoms as well as the lowest DOC; it also has a higher
degree of branched chaining in aliphatic structures than
carbonaceous mudstones and is relatively rich in C—H
structures of aliphatic structures. Mudstone has opposite
characteristics to coals.

(2) The molecular structure of coal-measure source rocks is
closely related to their hydrocarbon potential. The aromatic
structure parameters f;, I, and DOC are negatively correlated
with the organic matter abundance parameters and are
better correlated with TOC. For the aliphatic structure pa-
rameters, H is positively correlated with S1+S; values, and A
is correlated with the organic matter type. The better the
organic matter type, the larger the A value.

(3) The characteristics of organic molecular structure efficiently
explain the results of the semi-open thermal simulation
experiment: The degree of aliphatic hydrogen enrichment of
carbonaceous mudstone is similar to that of coal, but the
relative abundance of the aliphatic group of carbonaceous
mudstone is higher and the DOC of aromatic structure is
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lower, which makes the hydrocarbon generation base
stronger and easier to crack. Among the types of source
rocks, coal has the highest degree of branched chaining in the
aliphatic structure, corresponding to the highest gaseous
hydrocarbon yield. However, mudstone has the lowest hy-
drocarbon generation yield as it also has the lowest aliphatic
abundance and hydrogen enrichment and the highest degree
of aromatic structure condensation.
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