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The Yangqi Basin is a coal-bearing basin in Western China. In order to determine
the hydrocarbon generation potential of the Jurassic source rocks in this area,
the organic matter composition of coal-measure mudstone, carbonaceous
mudstone and coal rocks, the yields of liquid and gaseous hydrocarbons, and
the comparison of hydrocarbon sources were studied by means of
hydrocarbon-generating thermal simulation experiments. The results
showed that the micro-composition of the Jurassic coal rocks in the Yanqi
Basin showed the characteristics of rich vitrinite-inertinite and poor chitinite +
saprolite components; however, the micro-composition of the mudstone
showed the characteristics of poor inertinite and rich vitrinite—chitinite +
saprolite components. The Jurassic mudstone has a wide distribution range
of hydrogen and oxygen indexes, among which the hydrogen index is
distributed between 2 and 266 mg/gTOC, and the oxygen index is
distributed between 3 and 183 mg/g TOC. The organic matter in the
mudstone belongs to Type ll>-Ill kerogen. The hydrogen index of coal is
distributed in the range of 100-300 mg/gTOC, which is obviously larger
than that of mudstone. The total liquid hydrocarbon yield of the coal rock is
the highest (43.2 mg/gTOC), followed by mudstone (16.4-20.4 mg/gTOC),
while that of the carbonaceous mudstone is the lowest (5.36 mg/gTOC). In
addition, mudstone has the highest yield of gaseous hydrocarbons, followed by
coal, while that of carbonaceous mudstone is the lowest. The oil-source
comparison showed that the Jurassic crude oil has a certain affinity with its
main source rocks (mudstone, carbonaceous mudstone, and coal). At the same
time, the comparison results of steroid and terpene biomarker parameters with
crude oil showed that the Middle and Lower Jurassic mudstone, carbonaceous
mudstone, and coal rock in this area are all source rocks and the Badaowan
Formation mudstone is the main hydrocarbon source.
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1 Introduction

The Yanqi Basin is a small coal-bearing basin in Western
China. At present, certain breakthroughs in oil and gas
exploration have been obtained in the Jurassic coal-measure
strata in the Northern Sag. However, due to lack of research
on the geochemical characteristics, organic petrological
properties, and hydrocarbon generation mechanism of coal-
measure source rocks, the prediction of Jurassic oil and gas
resources and the evaluation of exploration prospects in the
Yangqi Basin are restricted. The Yanqi Basin is located between
the three major basins of Tarim, Junggar, and Tuha in China. It is
a Mesozoic-Cenozoic sedimentary basin formed on the varixian
folded basement (Cai et al., 2008; Guo et al., 2012). In addition to
the good distribution of organic matter, there is a relatively high
geothermal gradient inside the basin, which provides favorable
conditions for the massive generation and accumulation of oil
and gas (Li, 2000; He et al,, 2013; Li et al., 2019).

The Yanqi Basin has experienced three large-scale lake
transgressions since the Mesozoic. Furthermore, three sets of
carbonaceous mudstone lithologic

coal-bearing and

assemblages were formed in the three coal accumulation

stages. The three coal accumulation periods are the
Triassic, Middle and Late Jurassic Badaowan Formation
period, and Jurassic (Yao et al, 2003). Sedimentary facies
studies show that the Jurassic is dominated by fluvial, delta,
and shore-shallow lacustrine facies, especially the extensive
development of shore-lake facies (Yao et al., 2003; Zhao et al.,
2013). In order to explore the hydrocarbon generation
potential of the Jurassic source rocks in this area, the
organic matter composition of the coal-measure mudstone,
carbonaceous mudstone and coal, the yields of liquid and
gaseous hydrocarbons, and the comparison of hydrocarbon
sources were studied by means of hydrocarbon-generating
thermal simulation experiments. This study can provide a
reference for similar studies worldwide.

2 Databases and methods
2.1 Geological background

The Yangqi Basin is located in the east of the South Tianshan
Orogenic Belt and is a Mesozoic-Cenozoic sedimentary basin

Intermontane basin
[ Tian Shan

[] Baita Shan

»»~ Suture zone

»»~ Major thrust

_#< Strike-slip fault
_~~ Other fault

FIGURE 1

Location and regional structural characteristics of the Yangi Basin, China (Lin et al., 2002).
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TABLE 1 Basic information on the samples from the Jurassic in the Yanqi Basin.

Lithology Formation Well name

Dark gray mudstone Badaowan Formation Ma 1 well

Dark gray mudstone Xishanyao Formation Bonan 1 well

Coal Xishanyao Formation Hua’an Coal Mine

Carbonaceous mudstone Sangonghe Formation Yan 2 well

formed on the Hercynian folded basement. The Yanqi Basin
covers an area of 1.3x10*km?® (Figure 1). The sedimentary
caprocks of the basin composed of Mesozoic Triassic, Jurassic,
Cenozoic Tertiary and Quaternary, and Jurassic is the main
exploration target layer (Yao et al,, 2004; Zhang et al,, 2011).

2.2 Thermal-pressure simulation
experiments of coal-measure source
rocks

In this study, the Jurassic low-maturity source rocks (dark gray
mudstone, carbonaceous mudstone, and coal rock) (Table 1) were used
for thermal-pressure simulation experiments under low temperature
(360°C), long time (greater than 72 h), and water additions.

The thermal simulation experiment of hydrocarbon
generation adopts the golden tube-autoclave thermal
simulation system. The experimental conditions of the
autoclave thermal simulation are as follows: the samples were
heated from room temperature to 150°C within 10 h, and then
they were heated to 450°C at 2°C/h. After thermal simulation, the
gas in the gold tube was punctured and collected in a special glass
vacuum device. The device is connected to an Agilent HP6890N
chromatographic instrument, and gaseous products can be
drawn into the chromatograph for analysis using an
automatic control program. Gaseous hydrocarbon carbon
isotopes were analyzed using a Delta V Advantage isotope
mass spectrometer. The chromatographic column is a CP-
Pora PLOT Q quartz column (30 mx0.32 mmx20 um). For
analysis of thermally simulated liquid

an Agilent HP6890 was used as the

chromatograph, and the chromatographic column was an HP-

quantitative
hydrocarbons,

5 column (30 mx0.32 mmx0.25 um).

3 Results

3.1 Organic micro-components of coal-
measure source rocks

The micro-composition of the Jurassic coal rocks in the

Yanqi  Basin  shows the characteristics of  rich
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Depth (m) R, (%) Organic carbon Type of
(%) organic matter
1214.65 0.84 2.20 I,
2053.00 0.69 2.80 I
Downbhole 0.59 77.21 1,
2493.50 0.67 9.77 I,

vitrinite-inertinite and poor chitinite + saprolite components;
however, the micro-composition of the mudstone shows the
characteristics of poor inertinite and rich vitrinite-chitinite +
saprolite components (Figure 2). The average composition of
micro-components in coal rock are as follows: vitrinite 72.0%,
inertinite 19.4%, and chitinite + saprolite 8.6%; the average
composition of micro-components in the mudstone are as
follows: vitrinite 59.5%, inertinite 14.5%, and chitinite +
saprolite 26.0%. In the distribution form of the micro
components, the vitrinite-inertinite combination showed a
distinct band-like distribution. The distribution of micro-
components in mudstone is also relatively scattered, with no
obvious center, reflecting the diversity of depositional
environment and biogenic materials (Curtis et al., 2012; Jiang
et al., 2015; Gai et al., 2016).

3.2 Organic geochemical characteristics
of source rocks

3.2.1 Organic matter abundance

The organic carbon content of coal-measure mudstone is
generally higher than that of lacustrine mudstone. Taking the
Qinshui Basin as an example, the TOC of coal-measure
mudstone in the Shanxi Formation is usually distributed in
the range of 1%-6%, while the TOC of general lacustrine
mudstone is usually distributed in the range of 0.1%-4%.
However, the hydrocarbon generation potential, soluble
organic matter, and total hydrocarbon contents of coal-
measure mudstone are generally lower than those of lacustrine
mudstone with the same organic carbon content. Therefore,
when evaluating the organic carbon abundance of coal-
measure mudstone, the evaluation standard of lacustrine
mudstone cannot be used.

Tables 2, 3 show the statistical results of the organic matter
abundance of the coal measure mudstones in the Badaowan,
Sangonghe, and Xishanyao Formations and the coal rocks in the
Bohu Depression.

Overall, the Jurassic coal-measure mudstones in the study
area belong to medium-good source rocks, which account for
50%-60% of the total samples, while the poor-non-source rocks
account for 40%-50% of the total samples. Carbonaceous
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FIGURE 2

Microscopic composition of Jurassic coal (A) and mudstone (B) in the Yangi Basin.

TABLE 2 Test results of organic carbon content and hydrocarbon generation potential of Jurassic source rocks in the Yanqi Basin.

Formation Lithology

Xishanyao Formation ~ Coal measure mudstone
Carbonaceous mudstone
Coal

Sangonghe Formation  Coal measure mudstone
Badaowan Formation Coal measure mudstone
Carbonaceous mudstone

Coal

Organic carbon (%)

Number of samples Min
7 036
4 1247
10 44.86
42 022
38 027
19 6.02
20 40.36

5.68
29.25
74.02
5.21
5.92
68.86
71.63

Ave

2.31
20.48
57.85
1.78
2.59
18.09
53.14

Hydrocarbon generation potential (mg/g)

TABLE 3 Test results of chloroform bitumen “A” and total hydrocarbon content of Jurassic source rocks in the Yanqi Basin.

Formation Lithology

Xishanyao Formation Coal measure mudstone
Carbonaceous mudstone
Coal

Sangonghe Formation ~ Coal measure mudstone
Badaowan Formation Coal measure mudstone
Carbonaceous mudstone

Coal

mudstones belong to medium source rocks, while they account
for 45% of the total samples, and the poor source rocks account
for 30% of the total samples. Moreover, 55%-65% of the coal
rocks belong to poor source rocks, and only 30% are medium
source rocks. Among the various Jurassic source rocks, the Lower

Frontiers in Earth Science

Chloroform bitumen “a" (%)

Number of samples Min
4 0.01
2 0.02
6 0.59
20 0.005
14 0.01
7 043
10 0.721

04

Max

0.066
0.22
1.49
0.09
0.63
1.595
2.845

Ave

0.04
0.12
0.993
0.034
0.098
0.94
1.97

Number of samples Min Max Ave
7 042 126 446
4 186 7829 426
10 87.79 14498 9224
42 017 1523  3.54
39 029 3511 739
19 566 17077  55.44
20 4541 22269 152
Total hydrocarbons (ppm)

Number of samples Min Max Ave
4 36 225 117
2 77 783 430
6 2850 4,556 3,773
20 19 246 98
14 29 1630 329
7 879 4903 3,322
10 2609 7,310 5617

Jurassic Badaowan Formation is the most important source rock
in this area, with the best hydrocarbon generation conditions,
followed by the Middle Jurassic Xishanyao Formation. However,
the hydrocarbon generation conditions of the Lower Jurassic
Sangonghe Formation are relatively poor. Therefore, the
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FIGURE 3

Relationship between H/C and O/C atomic ratios of Jurassic source rocks in the study area. Notes: (A) Xishanyao Formation; (B) Sangonghe

Formation; (C) Badaowan Formation.
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FIGURE 4
Correlation diagram of hydrogen and oxygen indexes of
source rocks in Bohu Depression.

hydrocarbon-generating capacity of the coal-measure mudstone
is better than that of the coal rock and carbonaceous mudstone.
However, due to the high abundance of organic matter, the coal
rocks and carbonaceous mudstones have great potential for
hydrocarbon generation, and their contribution to oil and gas
generation cannot be ignored (Guo et al., 2015; Wang et al., 2015;
Yang et al,, 2016; Li et al., 2020; Li, 2022).

3.2.2 Elemental composition of C, H, and O in
kerogen

Figure 3 is the correlation diagram of H/C and O/C atomic
ratios of various source rocks in the Jurassic Xishanyao, Sangonghe,
and Badaowan Formations in the Bohu Depression. It reflects that
most of the Jurassic source rocks in the Bohu Depression have a H/C
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atomic ratio of less than 0.8 and an O/C atomic ratio of less than
0.15, indicating that they are Type III parent materials. Only a few
source rocks have H/C atomic ratios greater than 0.8, which belong
to Type II, parent materials. By comparison, the Badaowan
Formation source rocks are of the best quality, which may be
related to the relatively high degree of the thermal evolution of
the Badaowan Formation source rocks (Wang et al.,, 2015; Li et al,,
2021).

3.2.3 Distribution characteristics of hydrogen
and oxygen indexes

The Jurassic mudstone in the study area has a wide
distribution range of hydrogen and oxygen indices, with the
hydrogen index ranging from 2 to 266 mg/gTOC and the oxygen
index ranging from 3 to 183 mg/gTOC (Figure 4). The
degradation rate is less than 30%, which reflects that the type
of organic matter in the mudstone belongs to Type II,_III. The
hydrogen index of coal is distributed in the range of 100-300 mg/
gTOC, which is significantly higher than that of mudstone.

According to the abovementioned analysis, the organic matter
type of the Jurassic source rocks in the Yangi Basin is mainly Type
111, followed by Type IL,. The quality of Jurassic source rocks from
high to low is the Badaowan Formation, the Xishanyao Formation,
and the Sangonghe Formation. In the same layer, the organic
matter type of coal rock and carbonaceous mudstone is slightly
better than that of the coal measure mudstone.

3.3 Carbon isotopic characteristics of
crude oil

The stable carbon isotopic composition of crude oil is
related to the type of parent material, so it can reflect the

frontiersin.org
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FIGURE 5

Distribution characteristics of carbon isotopes in the Lower Jurassic crude oil molecules in the study area.
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FIGURE 6

Distribution characteristics of molecular carbon isotopes in the J-T source rocks in the study area.

genetic type of crude oil. Generally, the §"°C of crude oil
related to sapropelic parent material is lighter than —27%o, the
8"°C of saturated hydrocarbons is lighter than —28.5%o, and
the §"°C of aromatic hydrocarbons is lighter than —26.5%o.
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However, the §'°C of crude oil related to parent material is
generally heavier than —-27.0%o, and the §"°C of saturated
hydrocarbons is heavier than —28.5%o. In this study, only the
8"C value in the crude oil from Well Bonanl is lighter
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FIGURE 7

Evolution of organic matter morphology and organic matter pores (modified after Dong et al., 2015). Notes: (A) shrinkable organic matter; (B)

porous organic matter; (C) thermal evolution mode of organic pores.

than —27%o, while that in the other crude oil samples are all
heavier than —27.0%o. It reflects the characteristics that the
crude oil in this area is dominated by higher plants and rich in
heavy carbon isotopes (Loucks et al., 2009; Xiong et al., 2017;
He et al., 2020).

3.3.1 Carbon isotopic characteristics of crude oil
monomer hydrocarbons

Figure 5 shows the molecular isotopic distribution of
11 crude oils from the Middle and Lower Jurassic in the
Yanqi Basin. It can be seen that the molecular isotope of
C12-Cjs;3 gradually becomes lighter with the increase of carbon
number, and the §"°C decreases from —20%0-23%o to —27%o-
34%o. Among them, the molecular isotope of one crude oil
showed a slight difference in Cj, but the carbon isotope of
the other molecules showed almost the same trend of decreasing
isotopic mass with the increase of carbon number. The variation
trend of the molecular carbon isotope of the crude oil further
reveals a similar composition from the perspective of molecular
composition (Lu et al., 2015; Wang et al., 2018; Yu et al., 2019; Li
et al., 2022).

3.3.2 Distribution characteristics of carbon
isotopes

Figure 6 is the molecular carbon isotope distribution of the
possible source rocks (coal-measure mudstone, carbonaceous
mudstone, and coal) in this area. The molecular carbon
isotope distributions of the Triassic mudstones from Well
Baonanl are somewhat different from those of most samples,
while the molecular carbon isotope distributions of most
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possible source rocks are basically the same. This fact
indicates that the abovementioned possible source rocks
share common original parental precursors (higher plants)
and also reflects that they have common characteristics in
carbon isotope fractionation and inheritance effects (Yang
et al., 2010; Xu et al., 2019; Zou et al., 2019). Therefore, from
the perspective of molecular isotope distribution, coal-
measure mudstone, carbonaceous mudstone, and coal in
this area have common source rocks for crude oil.

3.4 Biomarker composition characteristics
of crude oil and various source rocks

3.4.1 Crude oil biomarkers

The tricyclic terpenes in the crude oil of the target layer are
not developed, the pentacyclic triterpenes are generally T,,>T,,
and the 17a(H)-rearranged hopane is relatively developed, but
the gammacerane is not developed. The sterane composition is
generally dominated by C,o stigmasterane, and C,o sterane >>
the sum of C,; sterane and C,g sterane, and rearranged sterane is
not developed.

3.4.2 Biomarkers of coal-measure mudstone
The biological characteristics of the Middle-Lower
Jurassic coal-measure mudstone in this area are relatively
complex. The coal-measure mudstone biomarker is
represented by Well Yancanl (3,248.5m, Badaowan
Formation), and its main features are as follows: T, >>T,,
gammacerane is extremely undeveloped. Both Cy
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FIGURE 8

Yields of liquid hydrocarbons in thermal pressure simulations of coal rocks, carbonaceous mudstones, and coal-measure mudstones in the
Middle and Lower Jurassic in the study area. Notes: (A) Well Ma 1, dark gray mudstone; (B) Well Yannan 1, dark gray mudstone; (C) Hua'an Coal Mine,

coal; (D) Well Yan 2, carbonaceous mudstone.

nornehopanes (C,9T,) and Cs, rearranged hopanes are less
developed, and C,y norhopanes are relatively developed. Due
to the development of C,9 normotane in this type of rock, its
corresponding normotane is also relatively developed, which
is also one of the biomarker characteristics of this type of coal-

measure mudstone.

3.4.3 Biomarkers of carbonaceous mudstone
There are two biological characteristics of carbonaceous
mudstone. One is that the Cyy norhopane is larger than the Cs
hopane, and the corresponding C,y hopane is also relatively
developed. When T,,>>T,, the gamma pole is not developed,
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reflecting the characteristics of freshwater deposition. Another
characteristic is as follows: when Csy hopane>C,9 norhopane, the
corresponding C,y nornehopane (C,oTs), and C30 rearranged
hopane are relatively developed, and gammacerane is still very low.

3.4.4 Biomarkers of coal

The biomarker characteristics of coal are basically the same
as those of carbonaceous mudstone, and there are also two types:
one is C;p hopane>Cyy hopane, T,,>>T,, gammacerane is
extremely undeveloped, such as the 2767 m (Badaowan
Formation) coal of the Well Bonan 1; the other is Cyo
norhopane>Cs, hopane, T,,>>T,, gammacerane is also very
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underdeveloped, such as the coal of 2392m (Badaowan
Formation) of the Well Cheng 1.

4 Discussion

4.1 Liquid hydrocarbon yields for thermal-
pressure simulations

The thermal evolution of hydrocarbon generation is different
for different types of kerogens (Dong et al., 2015). According to
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the previous research results, when the kerogen type is Type I, the
organic matter is gnawed on the edge or inside, and the surface of
the pores is smooth. When the volume of kerogen shrinks, then
the marginal pores of organic matter will form. They belong to
the shrinkage type (Figure 7A). When the kerogen is Type III, the
total volume of the organic matter is basically unchanged. The
interior of the samples is dominated by the formation of internal
pores of organic matter (porous type) (Figure 7B). When the
kerogen is Type II, the morphological evolution characteristics of
organic matter are between Types I and III, and both marginal
pores and internal pores of organic matter are developed. With
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the increase of the simulated temperature, the organic matter
edge pores and the organic matter internal pores continue to
increase (Figure 7C). The organic matter pores generated by the
kerogen pyrolysis hydrocarbon generation are one of the main
reasons for the increase in the internal storage space of mudstone
(Cai et al., 2008).

4.1.1 Liquid hydrocarbon yield of coal-measure
mudstone

The thermal-pressure simulation results of coal-measure
mudstone in the Yangi Basin show that the peak of liquid
hydrocarbon generation occurs in the simulated temperature
range of 300-340°C, and the R, value is 0.89-1.22%. It is close to
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the peak of hydrocarbon generation in the natural evolution of
organic matter, indicating that the simulation conditions of low
temperature, water content, and long-term thermal pressure are
close to the actual underground conditions (Guo et al., 2012).
The peak value of chloroform bitumen “A" in the residue appears
at the simulated temperature of 210-240°C, and the R, value is
0.72%-0.78% at this time, which also indicates that there are
some early hydrocarbon-generating substances in this type of
source rocks. The appearance of the peak value indicates the
existence of some early hydrocarbon-generating substances.
These substances include resin and matrix vitrinite in the
Jurassic coal-measure mudstone with higher plants as the
main organic parent material.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.992013

Yao et al. 10.3389/feart.2022.992013
@ Mudstone,J b
0.6 @ Mudstone,Js
% 05 L " @ Mudstone,J,x
2. O Mudstone, T
—g_ 0.4 F @ Carbonaceous mudstone,J b
S @ CoalJb
2 03F @ CoalJx
S O oil
@
o
=03 %
: .
o 0.1F %@
” [ J
0 . 1 . 1 1 ]
0 1 2 3 4
C,, norhopane/C,, hopane
FIGURE 12

Relationship between gammacerane/Cso hopane and C,g9 norhopane/Cso hopane in Middle and Lower Jurassic crude oil and source rocks in

the study area.

The highest liquid hydrocarbon production rate of the dark
gray mudstone of the Badaowan Formation in Well Mal is
20.4 mg/gTOC, the
production rate of dark gray mudstone of the Xishanyao

and maximum liquid hydrocarbon
Formation in Well Bonan 1 is 16.4 mg/gTOC. Compared with
lacustrine mudstone, the liquid hydrocarbon yield in coal
measure is not high. However, due to the high abundance of
organic matter in coal-measure mudstone, its liquid hydrocarbon
production rate is still considerable. On the other hand, it shows
that the production rate of liquid hydrocarbons in the source
rocks of the Xishanyao Formation in this area is generally lower
than that of the mudstones of the Badaowan Formation
(Figure 8).

4.1.2 Liquid hydrocarbon yield of carbonaceous
mudstone

For the thermo-pressure simulations of carbonaceous
mudstone, both total residual
chloroform “A” showed a distinct bimodal distribution, that is,
there are two peaks of hydrocarbon generation between 240 and
300°C and 360°C, the R, value of the former is 0.8%-0.9%, and the
R, value of the latter is 1.31%. It reflects that the parental
composition of the source rock is relatively complex. However,

liquid hydrocarbons and

from the change of the pyrolysis oil yield curve, the main peak is
still at 300°C, and the R, value is 0.9%. In the high evolution stage
(Ry>1.3%) of carbonaceous mudstone, the residual bitumen “A”
and total hydrocarbons still show a peak of hydrocarbon
generation, which may be closely related to the adsorption of
hydrocarbons by carbonaceous mudstone.

Although the change of the liquid hydrocarbon production
curve of carbonaceous mudstone is complicated, the highest total
liquid hydrocarbon production rate is only 5.36 mg/gTOC,
which is much lower than that of mudstone and coal in this
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area. It shows that although the carbonaceous mudstone in this
area has a high abundance of organic matter, its hydrocarbon
generation rate is not high due to the poor type of parent material
(Figure 8).

4.1.3 Liquid hydrocarbon yield of coal rock

The residual chloroform bitumen “A” and the total liquid
hydrocarbon yield of the coal rock have bimodal distribution
characteristics. The two peaks are located in 270°C and
360°C, respectively, and the corresponding R, values are
0.68% and 1.70%, respectively. Obviously, the appearance
of the peak of liquid hydrocarbons at 270°C is the
contribution of early hydrocarbon-generating substances
such as resin body, suberite, and matrix vitrinite in coal
rock. The appearance of the peak of liquid hydrocarbon
generation at 360°C may be due to the release of the
adsorbed and encapsulated parts in the coal rock under
high temperature conditions.

The yield of coal and rock pyrolysis oil is generally 2-3 mg/
gTOC. The highest value appears at the temperature step of
300°C. At this time, the R, value was 0.8%, and the pyrolysis oil
yield was 5.2mg/gTOC. It shows that the hydrocarbon
of
carbonaceous mudstone only by the yield of pyrolysis oil
(Jiang et al., 2015).

It is worth mentioning that the total liquid hydrocarbon yield

generation potential of coal is equivalent to that

of the Xishanyao Formation coal rock in the Hua’an Coal Mine is
as high as 43.2 mg/gTOC, which is double the total liquid
hydrocarbon yield of the general Middle-Lower Jurassic coal
measure mudstone in the Yanqi Basin. Moreover, the content of
residual chloroform bitumen “A” in coal rock is also as high as
3%, which is close to the hydrocarbon expulsion threshold of
coal. The total liquid hydrocarbon production rate of coal rocks
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further supports that the Middle and Lower Jurassic coal rocks in
this area can generate a certain quantity of liquid hydrocarbons,
and some of them have approached or reached the threshold
hydrocarbon concentration for coal rocks to expel liquid
hydrocarbons (Figure 8).

The comparison results of the total liquid hydrocarbon
production rate show that the Jurassic coal rock in the Yangqi
Basin has the highest rate (43.2mg/gTOC), followed by
(16.4-20.4 mg/gTOC), the
mudstone has the lowest (the maximum liquid hydrocarbon

mudstone and carbonaceous

production rate is only 5.36 mg/g TOC).

4.2 Gaseous hydrocarbon yield from
thermal-pressure simulations

Figure 9 shows the gaseous hydrocarbon thermo-pressure
simulation results of the four samples conducted in this study.

4.2.1 Gaseous hydrocarbon yield of coal rock

In Figure 9, the gaseous hydrocarbon yield chart of the coal
rock of the Hua’an Coal Mine consists of three curves. One is the
change in the yield of hydrocarbon gas with the increase of
thermal maturity during the thermal evolution of organic matter.
The other is that during the thermal evolution of organic matter,
some free hydrogen can be generated due to thermal degradation
of kerogen or thermal cracking of heavy hydrocarbons,
condensation of aromatic hydrocarbons, or cyclization of
paraffins. Since this part of hydrogen comes from organic
matter, this study divides its volume by 2 and converts it into
the hydrogen fraction of methane and calculates it as
hydrocarbons. The third part is the sum of hydrocarbon gases
and hydrogen.

The general trend of the change of gaseous hydrocarbon yield
in the coal seam of the Hua’an Coal Mine is that it increases with
the simulated temperature recovery. The highest gaseous yield in
the high-maturity stage is 110.9 ml/g.TOC.

4.2.2 Gaseous hydrocarbon yield of
carbonaceous mudstone

In Figure 9, the thermal pressure simulation gaseous
hydrocarbon yield of the carbonaceous mudstone in the
Sangonghe Formation in Well Yan2 shows that the gaseous
hydrocarbon yield of the carbonaceous mudstone in this area
is only 36.8 ml/gTOC in the wet gas-condensate stage (R, is
1.31%). Its gas production is not high.

4.2.3 Gaseous hydrocarbon yield of coal
measure mudstone

In Figure 9, the dark gray mudstone of the Badaowan
Formation in Well Ma 1 has a gaseous hydrocarbon
production rate of 171.6 ml/gTOC when R, is 1.37%. Also,
the dark gray mudstone of the Xishanyao Formation in Well
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Baoanl has the highest gaseous hydrocarbon yield of 130.9 ml/
gTOC when R, reaches 1.42%.

In conclusion, the gaseous hydrocarbon yield per unit of
organic carbon in source rocks is highest in mudstone, followed
by coal rock, and lowest in carbonaceous mudstone.

4.3 Qil source comparison and analysis

Based on the comprehensive analysis of the carbon isotope,
molecular carbon isotope, and biomarker characteristics of crude
oil and various source rocks, this study focused on a direct oil/
rock comparison using biomarkers such as steranes and terpenes.

4.3.1 Triangular diagram of C,;, Cyg, and Cyg
regular sterane compositions

Figure 10 is a triangular diagram of regular sterane
compositions of crude oil and various possible source rocks in
this area. It can be seen from Figure 10 that in the affinity circle with
crude oil as the core, there are coal-measure mudstone,
carbonaceous mudstone, and coal together to form the affinity
circle. There is also a considerable amount of mudstone,
carbonaceous mudstone, and coal outside this phylogenetic circle.
This result indicates that the Middle and Lower Jurassic crude oil
series in the Yanqi Basin come from mudstone, carbonaceous
mudstone, and coal in this area. The Middle and Lower Jurassic
crude oil is not a single oil source but a mixed source oil of the
abovementioned three lithologies. It should be noted that, according
to the comparison results of the regular sterane composition triangle,
coal-measure mudstone, carbonaceous mudstone, and coal all
contribute to the source of oil and gas in this area. However, this
does not mean that all coal-measure mudstone, carbonaceous
mudstone, and coal are source rocks in this area. They are
effective source rocks only when they reach the source rock
standard in terms of organic matter abundance, hydrocarbon-
forming parent material type, and thermal evolution degree.

4.3.2 Relationship between sterane C,qafp/
aaa+app and sterane C,520S/20S+20R

It is generally believed that sterane C,qafp/aca+app should
increase in a linear relationship with sterane C,9205/20S+20R. In
the case of self-generation and self-storage reservoirs, the
abovementioned parameter distribution of oil/rock should
follow a linear relationship. Conversely, in the case of
secondary migration reservoirs, the abovementioned parameters
do not follow a linear relationship but are far from the range of a
linear relationship. From Figure 11, it can be seen that the Middle
and Lower Jurassic reservoirs in this area should be self-generating
and self-storing oil reservoirs. Also, it also shows that some coal-
measure mudstone, carbonaceous mudstone, and coal should be
its possible source rocks because, in the vicinity of crude oil, some
and coal
together form a small-diameter affinity circle. From the

coal-measure mudstone, carbonaceous mudstone,
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perspective of similarity comparison, some of these rocks should
be the source rocks in this area.

4.3.3 Comparison of oil sources of terpanes

Figure 12 shows the relationship between gammacerane
content and C,y norhopane content in representative crude oil
and related coal-measure mudstone, carbonaceous mudstone, and
coal in this area. The crude oil in the target layer is basically
distributed in the range of C,9 norhopane/Cs;, hopane<1.0 and
Gammacerane/Cso hopane<0.2. It forms a small-diameter affinity
circle with some coal-measure mudstone, carbonaceous mudstone,
and coal in this area. Various kinds of rock in the circle are very
likely to be the main source rocks in this area.

Overall, according to the molecular carbon isotopic
characteristics of crude oil, the Jurassic crude oil in the coal
measure of the study area has a certain affinity with its
corresponding source rocks (mudstone, carbonaceous mudstone,
and coal rock). At the same time, according to the comparison
results of steroid and terpene biomarkers and crude oil, the Middle
and Lower Jurassic mudstone, carbonaceous mudstone, and coal
rock in this area are all source rocks. There is no doubt that the
Badaowan Formation mudstone is the main source rock.

5 Conclusion

1) The micro-composition of the Jurassic coal rocks in the Yangqi
Basin shows the characteristics of rich vitrinite—inertinite and
poor chitinite + saprolite; however, the micro-composition of
the mudstone shows the characteristics of poor inertinite and
rich vitrinite—chitinite + saprolite.

2) The Jurassic mudstone has a wide distribution range of
hydrogen and oxygen indexes, among which the hydrogen
index is distributed between 2 and 266 mg/gTOC and the
oxygen index is between 3 and 183 mg/gTOC. The organic
matter in the mudstone belongs to Type IL,-III kerogen.

3) The hydrogen index of coal is distributed in the range of
100-300 mg/gTOC, which is obviously larger than that of
mudstone. The total liquid hydrocarbon yield of the coal rock
is the highest (43.2 mg/gTOC), followed by mudstone
(16.4-20.4 mg/gTOC), and carbonaceous mudstone is the
lowest (5.36 mg/gTOC). In addition, mudstone has the
highest yield of gaseous hydrocarbons, followed by coal,
while carbonaceous mudstone is the lowest.

4) The oil-source comparison shows that the Jurassic crude
oil has a certain affinity with its main source rocks
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