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In recent years, significant advances have been made in the exploration of
Carboniferous volcanic reservoirs in the Hongche Fault Zone of the Junggar
Basin of China, showing good prospects for further exploration. However, the
large variation in the physical properties of crude oil and the complex
distribution rule inhibit the one-step exploration. In this study, the PM scale
of the biodegradation of crude oil and source of crude oil were studied using
experimental methods that target the properties, bulk properties and biomarker
compounds of crude oil. The exploration potential of crude oil in this area was
analysed, and an accumulation model of crude oil was established. Based on the
differences in biomarker compounds and the degree of biodegradation, crude
oils were divided into four groups and seven subgroups. Additionally, the
analysis of the biomarker compounds of crude oil combined with the
hydrocarbon-generation history of source rocks showed that there were at
least two periods of oil charging in this area. The first period was the late Triassic,
with crude oil derived from the P,f source rock. Owing to the strong tectonic
activity during the late Indosinian movement, the oil reservoirs were distributed
in the footwall of the fault zone, and the oil in the reservoir exhibited different
degrees of biodegradation, forming crude oils of subgroup Iy, Il and lll;. The
second period was Cretaceous, during which the P;f source rock was in the
natural gas generation stage, and the P,w source rock was at a mature stage. A
small part of the crude oil formed by the P,w source rock migrated to the
Carboniferous reservoirs and mixed with the crude oil formed by the earlier P;f
source rock, resulting in crude oils of subgroups I, Ill,, and V5. The crude oilin
the studied area originated from the source rocks in the sag during the peak of
oil generation. As tectonic activity approached stability in the latter period, it is
speculated that there may be well-preserved primary oil and gas reservoirs in
the footwall and slope areas of the fault, making these potential exploration
sites.
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1 Introduction

Owing to the increasing global population and energy
demand, the exploration and development fields of oil and
natural gas are expanding. As new areas of exploration,
volcanic reservoirs have attracted the attention of many
researchers in the petroleum industry (He et al, 2010; Zou
et al,, 2011; Shi et al,, 2019). Volcanic reservoirs have been
explored for more than a century, and discovered in more
than 300 basins worldwide. Industrial oil and gas flows and
large-scale reserves were formed from volcanic rocks in 40 basins
in 13 countries (Zou et al., 2008; Zhao et al., 2009; Tang et al,,
20205 Zhang et al., 2021; Ye et al., 2022). In recent years, volcanic
reservoirs containing large-scale oil and gas reserves have also
been discovered in volcanic rock formations in many
sedimentary basins in China, proving that volcanic rock
reservoirs have good hydrocarbon potential (Feng 2008; Zou
et al,, 2008; Feng et al., 2014; Chang et al.,, 2019; Ye et al,, 2022).

Since the Karamay volcanic reservoir was first discovered on
the north-west side of the Junggar Basin in the 1950s,
Baikouquan, Chepai, Hongshanzui and other volcanic
reservoirs have also been discovered on the north-west side of
the Junggar Basin. However, several volcanic reservoirs have also
been discovered in the Hongche Fault Zone, and these are
distributed along the fault zone (Cao et al., 2010; Chang et al.,
2019; Zhu et al., 2020).

Previous research on Carboniferous volcanic rocks in the
Junggar Basin has mainly focused on the lithology, spatial types,
and influencing factors of volcanic reservoirs (Ma et al.,, 2019;
Wang and Zhang, 2019; Yang et al.,, 2019; Zhu et al., 2020).
However, there are few reports on the genetic types and origins of
oil and gas with complex distributions in Carboniferous volcanic
rock reservoirs. Many large oil and gas reservoirs have been
discovered on the north-west side of Junggar Basin, and they
were likely distributed during hydrocarbon-generation
depression. The source rocks of the Permian Fengcheng
Formation (P,f), Permian Lower Wuerhe Formation (P,w),
and Permian Jiamuhe Formation (P,j) are the main source
rocks in this area (Chen et al., 2016a; Jiang et al., 2020; Shi
et al., 2020; Pan et al.,, 2021). Chen et al. (2016b) pointed out
that Carboniferous crude oil in the Kebai Fault Zone is mainly
derived from the P,f source rock, with some also originating
from the P,w source rock. They also pointed out that the
Carboniferous, middle Triassic, late Triassic to Early Jurassic,
and middle to late Jurassic were the four main stages of crude
oil charging.

Existing research on the Carboniferous volcanic rocks in
the Hongche Fault Zone mainly focued on volcanic reservoirs,

and there are relatively few studies on the geochemical
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characteristics, origins, and the accumulation models of
crude oil, which greatly restrict future exploration and
deployment (Xiao et al., 2010; Chen et al, 2016a; Mao
et al., 2021). Therefore, in this study, we clarify the origins
and accumulation models of crude oil in Carboniferous
volcanic reservoirs of Hongche Fault Zone. This study
aimed at providing new data for the law of crude oil
enrichment in volcanic oil reservoirs, promote future
reservoirs,

exploration of volcanic and provide more

references for domestic and foreign research.

2 Geological setting

The Junggar Basin is a large superposition basin in north-
western China, with a total area of approximately 1.3 x 10° km?
(Cao et al,, 2010; Gong et al., 2019; Shi et al., 2020; Li et al., 2022)
(Figure 1A). The Hongche Fault Zone is on the west side of the
Junggar Basin at the intersection of the western uplift and central
depression of the Junggar Basin. It is composed of a series of
thrust faults with a near-south-north strike. Additionally, the
Hongche Fault Zone is adjacent to the two major hydrocarbon-
generation depressions, namely, Shawan Sag and Sikeshu Sag,
and is an important oil and gas accumulation areas in the
northwestern Junggar Basin (Figure 1B). So far, the previously
discovered oil and gas reservoirs are mainly distributed along the
fault zone, indicating that the migration and accumulation of
these oil and gas reservoirs are closely related to fault activity
(Figure 1C).

The Hongche Fault Zone was formed in the early stage of the
late Hercynian movement, and is an inherited uplift that
developed on the Carboniferous volcanic rock base (Xiao
et al, 2014). The Hongche Fault Zone has undergone three
stages of tectonic evolution: The middle of late Hercynian
movement (P,), the late IndoChinese movement (T3) and the
middle and late Yanshanian movement (J,-E) (Cao et al., 2010;
Liang et al., 2018). Moreover, the Hongche fault zone received
three phases of oil and gas charging: late Triassic to early Jurassic,
early Cretaceous, and late Palacogene to early Neogene (Li et al.,
2013). The multi-cycle tectonic events in this area caused
multiple periods of oil and gas charging, which provided a
favourable space for oil and gas accumulation.

The Hongche fault zone lacks Permian, Triassic, and part of
the Jurassic strata. The overlying strata directly cover the
Carboniferous strata, forming a favourable reservoir-cap
combination for Carboniferous volcanic reservoirs (Figure
1D). The Shawan Sag is an important hydrocarbon-generation
depression in this area, among which the P,j, P,f, and P,w are
important source rocks. P;f was formed in a reducing
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environment with high salinity and mainly composes of dark
dolomitic and tuffaceous mudstone. P,w is dominated by fine-
grained sediments from shallow-to-deep lacustrine facies in a
weakly reducing freshwater depositional environment, composed
of conglomerate, argillaceous siltstone and mudstone. P,j was
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FIGURE 1
The location of the study area and the comprehensive stratigraphic column. (A) The location of the Junggar Basin in China; (B) The location of
the study area in the Junggar Basin; (C) The location of wells and reservoirs in the study area; (D) Comprehensive stratigraphic column of Shawan Sag.

formed during the period of volcanic activity. The source rocks
are lacustrine dark grey and tuffaceous mudstone. The source
rocks in the deep part of the depression have a high degree of
thermal evolution and severe organic carbonisation (Chen et al.,
2017; Pan et al., 2021).

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.953245

He et al.

10.3389/feart.2022.953245

TABLE 1 Total organic content, Rock-Eval pyrolysis, vitrinite reflectance, kerogen element and carbon isotopic data from P,w, P4f, and P4j source rock
samples in the western Junggar Basin.

Well

Al
F4
F4

M1
M9
M2
M6
X6
X2
Al
B2
F5
F1
F1
F1

F14

F4
F5
F7
F7

F8

X72
X72
C20
C20
C202
C202
C202
C25
F1

F1
F4
G150
Gl6
Gl6
H4
K85
K85

Depth Strata Lithology

(m)

4,359.15
3,034.12
3,300.24
4,659.8

3,573.92
3,848.94
3,813.35
3,846.25
3,478.96
4,855.11
5,667.42
4,452.22
3,157.13
3,066.55
4,104.38
4,422.72

4,081.16

4,259.61
4,070.53
4,440.32
4,920.14

4,110.52

4,573.83
3,455.64
1,457.29
1,605.74
2025.48

2,361.01
2,459.21
2,273.53
5,882.15
6,022.74
4,710.23
2,807.25
2,813.71
2,814.82
2,180.17
3,416.17
3,419.21

P2w
P2w
P2w
P2w
P2w
P2w
P2w
P2w
P2w
P2w
Pif
Pif
P1f
P1f
P1f
P1f

P1f

Pif
Pif
P1f
P1f

P1f

PIf
PIf
Plj
Plj
P1j
P1j
P1j
Plj
Plj
Plj
Plj
Plj
Plj
P1j
P1j
P1j
Plj

Silty mudstone
Mudstone
Mudstone
Mudstone
Mudstone
Mudstone
Mudstone
Mudstone
Silty mudstone
Mudstone
Silty mudstone
Silty mudstone
Mudstone
Silty mudstone
Silty mudstone

Dolomitic
mudstone

Dolomitic
mudstone

Mudstone
Mudstone
Mudstone

Dolomitic
mudstone

Dolomitic
mudstone

Mudstone
Mudstone
Tuff
Tuff
Tuff
Tuff
Tuff
Tuff
Mudstone
Mudstone
Tuff
Tuff
Tuff
Tuff
Tuff
Tuff
Tuff

TOC
(%)

1.82
2.44
1.62
141
1.60
1.30
3.09
0.89
1.36
0.88
0.74
0.38
2.74
1.03
0.88
0.50

0.23
0.48
2.42
1.06

0.78

0.52
2.80
0.73
0.81
1.05
1.59
1.37
1.65
0.39
9.98
0.52
0.89
0.63
2.51
1.06
1.75
0.80

T

Q)

511
442
446
450
446
444
444
491
449
456
434

434
438
434
437

438

448
433
435
435

438

444
438
440
436
553
448
446
436
425
498
524
448
485
433
438
445
439

S
(mg
HC/G
rock)

0.08
0.25
0.15
0.19
0.27
0.62
0.35
0.02
0.25
0.78
0.10
0.10
0.16
0.02
0.02
0.84

0.90

0.01
0.13
4.70
3.61

0.68

0.24
1.70
0.07
0.05
0.21
0.01
0.06
0.09
0.04
0.35
0.05
0.01
0.04
0.08
0.08
0.04
0.01

S,
(mg
HC/G
rock)

0.45
4.13
0.46
3.70
1.67
3.45
5.26
0.50
0.55
1.27
2.36
0.43
16.76
8.48
3.50
1.09

5.44

0.49
0.87
12.82
5.35

2.53

0.85
16.24
0.12
0.28
0.10
0.56
0.64
0.34
0.14
10.39
0.42
0.20
0.36
0.63
1.03
0.49
0.55

S$1+S,
(mg

HC/G
Rock)

0.53
4.38
0.61
3.89
1.94
4.07
5.61
0.52
0.80
2.05
2.46
0.53
16.92
8.50
3.52
1.93

6.34

0.50
1.00
17.52
8.96

321

1.09
17.94
0.19
0.33
0.31
0.57
0.70
0.43
0.18
10.74
0.47
0.21
0.40
0.71
1.11
0.53
0.56

HI
(mg
HC/G
TOC)

24.73

169.26
28.40

262.41
104.38
265.38
170.23
56.18

40.44

144.32
318.92
113.16
611.68
823.30
397.73
218.00

445.90

213.04
181.25
529.75
504.72

324.36

163.46
580.00
16.44
24.69
9.52
3522
46.72
20.61
48.28
104.11
9.09
22.47
9.52
25.10
97.17
28.00
6.25

H/

0.55
0.99
0.85
0.73
0.64
0.78
0.94
0.62
0.92
0.86
1.37
1.23
1.16
1.03
1.38
1.25

1.09
1.23
1.45
1.07

1.15

1.08
1.16
0.57
0.56
0.48
0.55
0.56
0.58
0.70
0.56
0.44
0.55
0.53
0.65
0.66
0.61
0.58

o/
C

0.08
0.12
0.10
0.07
0.05
0.08
0.08
0.07
0.13
0.06
0.08
0.04
0.05
0.05
0.06
0.05

0.05
0.05
0.05
0.06

0.07

0.05
0.08
0.08
0.17
0.05
0.08
0.07
0.18
0.15
0.09
0.05
0.08
0.09
0.17
0.11
0.19
0.14

R,

(%)

2.06
0.67
0.89
1.51
1.15
1.30
1.17
1.79
1.02
1.55
0.54
1.28
0.67
0.83
0.45
0.56

0.62

1.23
0.48
0.44
0.73

0.72

1.20
0.67
0.73
0.62
1.33
0.87
0.82
0.59
0.53
0.89
121
0.84
0.87
0.55
0.72
0.58
0.68

613CK 613CA
(%0)  (%o)

-22.67 —-19.37
-25.78 -21.53
-25.96 -22.18
-27.82 -26.50
-26.21 -21.18
-26.94 -21.54
-23.52 -20.44
—24.06 -22.09
-23.37 -21.64
-27.03 —24.66
-28.73 -26.99
-30.11 -27.14
-29.25 —27.42
-29.23 -26.50
-30.59 -27.02
-29.10 —27.44

-29.59 -26.37

-31.05 -27.56

-30.84 -29.26
-29.07 —27.34
-30.34 -28.91

-30.37 -27.35

-30.12 -29.81
-29.55 -27.23
—24.35 —21.47
—-25.26 -21.55
—25.43 -23.10
-26.32 -22.10
-24.93 -21.42
-23.18 -20.97
-22.75 —22.44
-22.20 -22.36
—-27.64 -25.97
-22.79 -20.96
-25.13 —-23.86
—24.58 —23.40
—25.88 —22.58
-24.84 -21.28
-24.92 —20.88

Note: TOC, total organic carbon; Ty, temperature at maximum of S, peak; S; = generated free hydrocarbons; S, = potential hydrocarbons in the pyrolysis experiment; S; + S, = genetic

potential; HI, hydrocarbon generation potential indices = S, x 100/TOC; H/C = hydrogen/carbon atom ratios; O/C, oxygen/carbon atom ratios; R,, vitrinite reflectance; §'*Cy, stable carbon

isotope of kerogen; 8'°Cy, stable carbon isotope of source rock extracts.
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TABLE 2 Bulk physical properties, bulk compositions and stable carbon isotopes from the analyzed Carboniferous crude oil samples in the Hongche

fault zone.
Well Depth Strate Density Viscosity  Saturated  Aromatic = Non- Asphaltene  Sat/ 8Coit
(m) (g/em’)  (50°C, (%) (%) hydrocarbon (%) Aro (%o)
mPa-s) (%)

C246 1,00414  C 0.89 49.57 71.18 6.76 6.76 2.06 10.53 -29.92
C362 163217  C 0.92 103.53 61.80 12.64 17.42 0.84 4.89 -30.50
C47 243156  C 0.86 12.37 — — — — — -29.37
C472 243447 C 0.87 20.11 76.92 8.28 3.85 3.25 9.29 -29.36
C473 235447  C 0.81 3.81 53.26 425 2.83 0.57 12,53 -29.36
Cc475 228715 C 0.86 11.65 68.39 8.45 2.45 1.09 8.09 -29.68
Cc478 212237 C 0.88 31.51 75.16 9.32 372 4.66 8.06 -29.67
C480 240234 C 0.84 9.53 73.07 6.81 4.64 0.62 10.73 -29.53
C481 2,50094  C 0.87 21.33 73.28 9.52 3.44 2.65 7.70 -29.53
C487 220725 C 0.87 18.70 70.66 12.50 536 536 5.65 -29.31
C490 232051 C 0.86 10.74 67.94 7.63 6.62 9.16 8.90 -29.71
C50 2,739.55  C 0.82 423 — — — — — -29.48
C631 1854.34 C 0.87 2531 60.81 10.37 432 403 5.86 ~29.80
C90 265514  C 0.87 26.13 77.38 12.61 6.06 2.91 6.14 -30.40
o1 1722.12 ¢ 0.84 10.92 61.61 6.73 1.93 1.24 9.15 -29.48
C912 1762.15 ¢ 0.89 38.16 65.49 16.52 3.58 118 3.96 -29.77
C94 2004.34 C 0.90 70.57 76.22 8.08 3.84 1.19 9.43 ~29.45
CF061 223846  C 0.84 8.91 80.68 7.74 256 1.04 10.42 -29.06
CF1 1978.14 C 0.90 54.68 73.67 10.70 13.61 0.94 6.89 2991
CF2 1765.78 C 0.90 46.54 52.63 20.92 5.74 072 2.52 -29.75
CF5 145573  C 0.92 126.17 66.52 11.79 639 2.13 5.64 -30.14
CF6 224604  C 0.88 18.52 65.46 13.78 7.56 135 475 -30.22
CF7 120213  C 0.93 526.61 67.09 13.42 7.54 1.26 5.00 -31.84
CP13 201715 ¢ 0.88 3355 75.14 11.62 4.05 1.08 6.47 -29.14
CP18  2040.67 C 0.85 11.21 75.86 9.47 9.47 4.92 8.01 -30.20
HO18  2,65097 C 0.83 8.64 74.48 4.96 7.24 1.07 15.02 -29.95
H022  2,66573 C 0.83 5.14 81.54 8.17 534 1.21 9.98 -29.96
H891 217012 C 0.89 50.26 68.65 7.21 16.61 3.45 9.52 -30.32
HS5 192153 C 0.85 10.71 81.01 7.40 327 1.72 10.95 -29.98
JL28 227014  C 0.86 18.13 76.28 7.96 424 1.07 9.58 -29.77

Note: Sat/Aro, saturated/aromatic hydrocarbon ratio; §"°C,, Stable carbon isotope of crude oils.

3 Experimental
3.1 Samples

Thirty-nine source rock and thirty crude oil samples were
collected. The source rock samples were from Pyj, Pf, and P,w in
the hydrocarbon-generation depression of the western Junggar
Basin (Table 1). The crude oil samples were from the
Carboniferous strata in the Hongche Fault Zone (Figure I;
Tables 2, 3). Sample preparation and analysis were carried out
at PetroChina Xinjiang Oilfield Testing Institute and State Key
Laboratory of Southwest Petroleum University. All rock samples
were pulverised to 200 mesh and 60-80 mesh, respectively, to
prepare the following series of organic geochemical experiments,
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namely, rock pyrolysis, total organic carbon (TOC) content,
kerogen separation, and soluble organic matter extraction.

3.2 Methods

3.2.1 Rock pyrolysis and total organic carbon
Small amount of the 200-mesh powder samples were used for
rock pyrolysis and TOC analyses using the Rock-Eval VI and
LECO C230 instruments, respectively, to obtain S, S;, Tpnax, and
TOC data. Before TOC content analysis, the powder samples
were washed with hydrochloric acid to remove carbonate rocks,
neutralised with deionised water, and dried to a constant weight
at 60°C. The mass losses of the powder samples were recorded.
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TABLE 3 Biomarker parameters from the analyzed crude oil samples in the Hongche fault zone.

Well

C246
C362
C47
C472
C473
C475
C478
C480
C481
C487
C490
C50
C631
C90
Co1
C912
C94
CFo61
CF1
CF2
CF5
CF6
CF7
CP13
CP18
HO18
HO022
H891
HS5
JL28

Depth
(m)

1,004.14
1,632.17
2,431.56
2,434.47
2,354.47
2,287.15
2,122.37
2,402.34
2,500.94
2,207.25
2,320.51
2,739.55
1854.34

2,655.14
1722.12

1762.15

2004.34

2,238.46
1978.14

1765.78

1,455.73
2,246.04
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2017.15
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1921.53

2,270.14
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a

54.04

64.23
54.07

54.90

51.94
47.25
63.60
52.14
45.83

49.85
51.07
52.75
42.01
48.71
54.11

b

35.75

27.69
36.08

34.20

37.25
42.40
29.26
37.02
42.88

40.08
37.76
37.85
43.61
39.35
3541

C

10.21

8.08
9.85

10.91

10.81
10.35
7.14

10.84
11.29

10.07
11.17
9.40

14.38
11.94
10.48

d

1.07

0.96
0.92
1.03
0.98
0.93
1.00
0.89
112
1.05
1.06
0.87
123
0.77

0.96

0.69
1.00
0.94

0.99
1.05
1.09
1.12
0.96
1.09
1.12

e

5.36

0.74
5.57
0.85
1.40
14.27
0.88
3.65
1.34
191
0.87
1.31
0.63

0.67

0.73
1.25
2.86

0.47
0.47
0.50
0.79
0.50
0.59

f

4.52

0.93
7.78
1.04
1.71
15.24
1.03
3.84
1.34
1.60

1.74
0.44

0.75

1.33
1.00
3.04

0.46
0.47
0.47
0.93
0.49
0.58

g

2.81

0.47
3.39
0.41
0.65
1.29
0.70
4.06
1.15
0.79
0.34
3.56
0.08

0.32

5.04
1.11
2.88
5.77
0.53
0.39
0.42
1.40
0.50
1.62

h

3.18
0.72
1.50
2.02
1.48
1.94
2.07
1.77
2.26
2.68
2.49
1.43
1.44
0.78
1.63
1.38
1.97
3.61
1.78
1.64
1.12
21.20
5.50
2.28
522
1.00
2.43
0.82
1.28
1.46

0.76
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0.73
0.57
0.54
0.61
0.57
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0.68
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0.72
0.62
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0.56
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0.76
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0.73
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0.78
0.86
0.89

1.08
1.24
0.90
0.95
1.15
0.98
1.00
0.97
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1.04
1.06
0.86
1.05
1.49
1.00
0.77
1.10
1.08
0.90
0.98
1.29
1.66
1.58
0.98
1.02
1.24
1.14
1.10
1.00
0.92

0.64
0.60
0.52
0.61
0.56
0.53
0.49
0.54
0.52
0.63
0.57
0.51
0.63
0.65
0.56
0.65
0.52
0.65
0.55
0.62
0.46
123
1.00
0.52
0.68
0.63
0.64
0.58
0.54
0.66

1.49
0.69
1.34
0.76
0.84
0.80
0.72
0.76
0.77
1.07
0.75
0.93
0.82
0.69
1.37
1.11
1.19
0.88
1.06
1.48
0.85
1.63
1.04
0.76
1.15
1.59
1.30
0.83
1.27
1.44

0.22
0.24
0.23
0.35
0.28
0.33
0.35
0.35
0.35
0.31
0.34
0.19
0.30
0.23
0.22
0.26
0.24
0.35
0.21
0.23
0.18
0.20
0.06
0.36
0.59
0.23
0.26
0.24
0.17
0.28

0.90
0.72
0.86
0.83
0.82
0.82
0.84
0.82
0.84
0.86
0.85
0.81
0.85
0.66
0.84
0.82
0.84
0.87
0.82
0.86
0.81
0.92
0.86
0.83
0.94
0.88
0.82
0.92
0.89
0.95

0.19
0.17
0.11
0.13
0.12
0.13
0.14
0.18
0.16
0.19
0.17
0.09
0.13
0.16
0.13
0.11
0.17
0.22
0.15
0.12
0.19
0.22
0.08
0.15
0.21
0.15
0.14
0.15
0.15
0.17

0.23
0.20
0.16
0.13
0.16
0.13
0.13
0.14
0.12
0.20
0.16
0.10
0.15
0.18
0.14
0.17
0.16
0.17
0.17
0.16
0.17
0.33
0.10
0.14
0.23
0.24
0.20
0.24
0.24
0.31

0.36
0.41
0.59
1.24
0.75
1.28
113
1.29
1.33
0.81
0.82
0.67
0.67
0.39
0.91
0.72
0.81
1.02
0.72
0.59
0.34
0.53
0.25
1.29
0.56
0.33
0.68
0.10
0.23
0.11

0.52
0.55
0.64
0.45
0.51
0.47
0.46
0.48
0.43
0.45
0.44
0.64
0.51
0.57
0.60
0.59
0.55
0.52
0.57
0.62
0.58
0.71
0.60
0.45
0.32
0.59
0.52
0.54
0.58
0.52

0.58
0.59
0.58
0.60
0.60
0.58
0.59
0.61
0.59
0.63
0.59
0.54
0.62
0.56
0.59
0.60
0.59
0.63
0.54
0.60
0.60
0.60
0.40
0.60
0.61
0.58
0.54
0.58
0.55
0.58

0.49
0.46
0.44
0.51
0.47
0.48
0.47
0.50
0.48
0.49
0.47
0.43
0.47
0.43
0.48
0.50
0.50
0.53
0.44
0.44
0.46
0.49
0.46
0.48
0.45
0.48
0.48
0.45
0.41
0.45

0.55
0.51
0.55
0.60
0.56
0.59
0.58
0.58
0.59
0.58
0.59
0.56
0.54
0.48
0.59
0.59
0.60
0.59
0.58
0.55
0.58
0.64
0.60
0.59
0.59
0.52
0.55
0.44
0.49
0.46

Note: a: SCLAs, Short chain length n-alkanes (100 x ) Cy4.20/ C14-31); b: ICLAs, medium-chain n-alkanes (100 x Y Cy1 56/ C14.31); ¢: LCLAs, long-chain n-alkanes (100 x ' C,7.31/3 Cy4.31); d: Pr/Ph, pristane/phytane; e: Pr/nC,,, pristane/C, n-alkanes; f:
Ph/nCys, phytane/C,g n-alkanes; g: B-carotane/Cmax, p-carotane/predominant n-alkane in total ion current; h: tricyclic terpene/17a-hopane; i: Co0TT/C,;TT, Cyy tricyclic terpene/C,; tricyclic terpene; j: Coy TT/Cy3TT, Cyy tricyclic terpene/Ca;y tricyclic
terpene; k: C,9/Cso hopane; I: Gammacerane/Cs;22R homohopane; m: Cs,22R homohopane/Csy hopane; n: ETR = (Cyg tricyclic terpene + Cyo tricyclic terpene)/(Cys tricyclic terpene + Cyy tricyclic terpene + Ts); 0: Cy9 moretane/C,y hopane; p: Cso

moretane/Cso hopane; q: Ts/Tm; r: Cs; homohopane 225/(22S + 22R); s: Cs, homohopane 225/(22S + 22R); t: Cyo sterane aaa20S/(20R + 20S); u: Cyo sterane PB/(aa+pp).
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Finally, the TOC content analysis was performed in an LECO
C230 instrument.

3.2.2 Preparation and separation of kerogen
Sixty grams of 200-mesh (80 um) powder samples were
measured, and the carbonate and silicate rocks in the powder
samples were sequentially removed first using hydrochloric acid
followed by hydrofluoric acid. Thereafter, the samples were
washed with distilled water
Hydrochloric acid (6 mol/L) and arsenic-free zinc particles

to reach near-neutrality.
(Zn) were added to the samples to remove pyrite, and then
washed with deionised water until neutral. Kerogen was
separated via heavy-liquid ultrasonic centrifugation, and the
kerogen sample was washed with deionised water to reach a
chloride-free state. Finally, it was dried in an oven at 80°C for 8 h
to obtain a concentrated kerogen sample.

3.2.3 Element and stable carbon isotope and
vitrinite reflectance of kerogen analysis

The presence of C, H, O, N, and S in the kerogen samples was
determined using a Var10 EL-Ill elemental analyser based on the
Under high-
temperature and aerobic conditions, organic matter can be

principle of high-temperature combustion.

combusted, and the organic elements previously in it are
converted into corresponding stable gaseous compounds, such
as CO,, H,0, N, and SO,. For a known mass of sample, the
content of each element in the sample can be obtained by
measuring the content of gaseous products generated after
complete sample combustion. The stable carbon isotope of
kerogen (%o Pee Dee Belemnite, PDB) was determined by
Isoprimel00 isotope mass spectrometer with an analytical
accuracy of +0.02%o. The prepared kerogen samples were
fixed on a glass slide with epoxy resin, prepared into optically
thin slices, and vitrinite reflectance (Ro) analysis was performed
using a QDI302 microspectrophotometer equipped with a Leica
DM4500P polarising microscope.

3.2.4 Group composition separation experiment,
physical property and stable carbon isotope of
crude oil analysis

Group composition separation experiments as well as the
analyses of the physical properties and stable carbon isotopes of
crude oil were conducted at the PetroChina Xinjiang Oilfield
Testing Institute. The asphaltene fraction was precipitated using
n-hexane. The deasphalted products were separated into
saturated hydrocarbons, aromatic hydrocarbons and non-
hydrocarbons via chromatography in an alumina:silica (2:1 v/
v) column. The fractions were eluted with n-hexane,
dichloromethane:n-hexane (2:1 v/v), and chloroform. The
density of the crude oil was determined using a DMA4500M
digital densitometer, and the viscosity of the crude oil was
determined using an MCR101 rheometer. A Thermo Fisher

Flash 2000 EA-MAT253 IRMS instrument was used for the
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FIGURE 2

Plot of the genetic potential (S;+S,) versus TOC from Pow, Pyf,
and P4j source rock samples.

stable carbon isotope analysis of crude oil based on the
international PDB standard (%o Pee Dee Belemnite) with an
analytical accuracy of +0.02%o.

3.2.5 Gas chromatography-mass spectrometry
Crushed rock samples were selected for Soxhlet extraction
using chloroform for 72 h. The asphaltenes in the rock extracts
were precipitated using n-hexane. The deasphalted products
were separated into saturated and aromatic hydrocarbons via
and eluted with n-hexane
GC-MS  analysis  of
hydrocarbons in crude oil and rock samples was performed

chromatography and

dichloromethane. saturated
using an Agilent 7890-7000A gas chromatography tandem
mass spectrometer equipped with an HP-5MS capillary
column (30 m x 0.25mm x 0.25 pm). The initial GC oven
temperature was set at 50°C for 1 min, then increased from
50 to 120°C at 20°C/min, increased from 120 to 310°C at 3°C/
min, and finally maintained at 310°C for 20 min. The mass
spectrometer was operated in full-scan mode. Helium was
used as the carrier gas at a flow rate of 1 ml/min. The
ionisation energy was 70 eV and the scanning range was
50-600 Da. The total ion chromatograms (TIC), m/z 177,
m/z 191, and m/z 217 were used to analyse n-alkanes,
The
abundance of each biomarker was calculated based on the

terpanes, steranes, and 25-norhopanes. relative

peak area.

4 Results
4.1 Source rock evaluation

The TOC and genetic potential (S;+S,) are important
parameters for evaluating the quality of source rocks (Tissot
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FIGURE 3
Plot of Tmax versus HI from Pow, P4f, and P4j source rock
samples.

and Welte, 1984). The TOC contents of the samples of P,w, Pf,
and P,j are in the ranges of 0.88-3.09 wt% (1.79 wt% on average),
0.13 to 2.80 wt% (1.02 wt% on average) and 0.15 to 9.98 wt%
(1.47 wt% on average), respectively (Table 1). Most samples have
TOC contents that are greater than 0.5 wt%, which are effective
source rocks. The genetic potentials (S;+S,) of the samples of
P,w, Pif, and P;j are in the range of 0.52-10.57 mg HC/g TOC
(3.14 mg HC/g TOC on average), 0.44-17.94 mg HC/g TOC
(5.74 mg HC/g TOC on average) and 0.18-10.74 mg HC/g TOC
(1.03 mg HC/g TOC on average), respectively (Table 1). The plot
of genetic potential (S;+S,) versus TOC shows that the P,w and
P,f source rocks have good hydrocarbon-generation potential,
whereas the P;j source rocks have poor hydrocarbon-generation
potential (Figure 2).

The hydrogen index (HI) of the samples of P,w, P;f, and Pyj
are in the ranges of 24.72-374.54 mg HC/g TOC (144.38 mg HC/
g TOC on average), 113.16-823.30 mg HC/g TOC (369.15 mg
HC/g TOC on average) and 3.70-104.11 mg HC/g TOC
(32.42 mg HC/g TOC on average), respectively (Table 1). The
relationship between HI and T, in rock pyrolysis provide vital
information on the type of organic matter present in the source
rock (Van Krevelen 1961; Hunt 1996; Hadad et al., 2021). From
plot of Tyax versus HI (Figure 3), shows that the P,w source rock
belongs to types II, and III kerogen, the P;f source rock belongs
to types I and II; kerogen, and the P;j source rock belongs to type
III kerogen.

As summarised shown in Table 1, the H/C atomic ratios of
P,w, P,f, and P,j source rocks are in the ranges of 0.55-1.03
(0.80 on average), 1.03 to 1.45 (1.21 on average), and 0.44 to 0.76
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Plot of O/C atomic ratio versus H/C atomic ratio from Pow,

P1f, and P4j source rock samples. The base map modified from Van
Krevelen (1961).

(0.59 on average), respectively, whereas the O/C atomic ratios of
P,w, Pif, and P;j source rocks are in the ranges of 0.05-0.15
(0.09 on average), 0.04 to 0.08 (0.06 on average) and 0.05 to
0.19 (0.12 on average), respectively. As depicted in Figure 4,
the P,w source rock (Ro < 1.3%) belongs to types II, and III
kerogen, the P,f source rock belongs to types I and II, kerogen,
and P;j source rock (Ro < 1.3%) belongs to type III kerogen.
The analysis results of kerogen elements and pyrolysis
parameters are consistent.

The vitrinite reflectance (R,) and temperature at the
maximum of S, peak (Ty,,,) are two important indicators of
the maturity of source rocks (Tissot and Welte, 1984; Mashhadi
and Rabbani, 2015). Additionally, in the process of hydrocarbon
generation, the atomic ratios of H/C and O/C of kerogen will
decrease witha continuous increase in maturity (Tissot and
Welte, 1984; Baskin 1997; Craddock et al., 2020; Hou et al.,
2020). As shown in Table 1, the T, and R, of Pow source rock
are in the ranges of 433-511°C (455°C on average) and 0.57%-
2.06% (1.27% on average), respectively. The T ., and R, of P;f
source rock are in the ranges of 433-448°C (438°C on average)
and 0.44%-1.28% (0.76% on average), respectively. The T, and
R, of P,j source rock are in the ranges of 401-553°C (456°C on
average) and 0.52%-1.33% (0.77% on average), respectively.
Evidently, the P,w, P)f, and P,j source rocks reached the
mature stage and were in the peak period of oil generation
(Figures 3, 4).
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Plot of density (p) versus viscosity (50°C, p) from the studied
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ratios (Sat/Aro) from the studied Carboniferous crude oil samples
in the Hongche fault zone.

4.2 Bulk properties of crude oils

Biodegradation is one of the most common secondary
alterations in reservoirs, and is the main process for the
formation worldwide.

of heavy oils During  the

biodegradation of crude oil, a large amount of
hydrocarbons are consumed by micro-organisms, resulting
in an increase in the content of polar components (NSO
compounds and asphaltenes), a decrease in the content of
saturated and aromatic hydrocarbons, and an increase in the
density and viscosity of the crude oil (Tissot and Welte 1984;

Peters and Moldowan 1993; Niu et al., 2018). Changes in the
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physical properties and composition caused by this secondary
effect are common in the Carboniferous strata of the study
area (Table 2; Figures 5, 6). The density and viscosity of the
Carboniferous crude oil in the Hongche Fault Zone at 50°C are
in the ranges of 0.81-0.93 g/cm’ (0.87 g/cm’ on average) and
3.81-526.61 mPas (51.77mPas on average), respectively
(Table 2; Figure 5). The contents of saturated, aromatic,
non-hydrocarbons, and asphaltenes in the Carboniferous
crude oil samples from the Hongche Fault Zone are in the
ranges of 47.86%-92.86%, 2.47%-20.92%, 1.93%-17.42%, and
0.57%-9.16%, respectively (Table 2). The study area
experienced multiple periods of tectonic activity and three
major oil charging periods, leading to the development of
faults. Moreover, the distribution of the formed oil reservoirs
is related to the period of fault activity, the crude oil has
suffered different degrees of biodegradation, and the physical
properties and composition of the Carboniferous crude oil in
the study area have a wide distribution range. The saturated/
aromatic hydrocarbon ratio of carboniferous crude oil exhibits
a strong negative correlation with the density of crude oil
(Figure 6), which is consistent with the impact of
biodegradation on the physical properties of crude oil.

4.3 Stable carbon isotope composition of
crude oils

Previous studies have shown that the stable carbon isotope
values of crude oil are strongly resistant to biodegradation and
thermal degradation. Therefore, stable carbon isotopes are
often used to classify crude oil and identify the depositional
environment of source rocks (Chung et al.,, 1992; Pallasser
2000; Marcano et al., 2013; Han et al., 2019). Generally, source
rocks with organic matter derived from higher plants have
heavier stable carbon isotopes of kerogen, generally greater
than -28%o. However, source rocks with organic matter
derived from bacteria, algae and other lower organisms
have lighter stable carbon isotopes of kerogen, generally less
than —28%o (Tissot and Welte 1984; Gong et al., 2018). The
difference in the stable carbon isotopes of crude oil is less than
2%0-3%o, which can be regarded as the same source. Generally,
if the stable carbon isotope value of crude oil is 0%o-1.5%o
lighter than that of kerogen, it means that crude oil has a
genetic relationship with the source rock (Chung et al., 1981;
Chung et al., 1992). The stable carbon isotope values of the
Carboniferous crude oil in the study area range from -31.84%o
to —29.06%o0 (—29.78%0 on average), and the difference
between the maximum and minimum values (8"°Cgii max-
8Coil min) iS 2.78%o. Therefore, the Carboniferous crude
oil in the study area can be regarded as coming from the
same set of source rocks.
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FIGURE 7

GC-MS of saturated hydrocarbons in Carboniferous crude oil samples from the Hongche fault zone. (A) C490; (B) C490; (C) C631; (D) C478; (E)

CF2; (F) CF1; (G) C473.

4.4 Biomarker characteristics as indicators
for organic matter input and depositional
conditions

4.4.1 Normal alkanes and isoprenoids

Normal alkanes are ubiquitous in crude oil and source rock
extracts. They are often used to determine the source and
maturity of organic matter as well as the degree of
biodegradation of crude oil (Peters and Moldowan 1993; Chen
etal, 2019; Samad et al., 2020; Hadad et al., 2021; Su et al., 2021).
In the gas chromatograms of crude oil samples that have
experienced severe biodegradation, there are often no peaks
because these compounds are the first

for n-alkanes,
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compounds consumed first during biodegradation (Peters and
Moldowan 1993). Among them, short-chain n-alkanes (SCLAs:
C14-Cyp) are consumed earlier than medium-chain n-alkanes
(ICLAs: C,;-Cy6) and long-chain n-alkanes (LCLAs: Cy7-Cs:)
(Peters and Moldowan 1993; Peters et al., 2005). As shown in
Figure 7, some samples of Carboniferous crude oil form the
Hongche Fault Zone consume n-alkanes, there are obvious
unseparated complex compounds (UCM), and some samples
have a relatively complete distribution of n-alkanes and
isoprenoids. Some crude oil samples in the study area
underwent different degrees of biodegradation, resulting in the
absence of n-alkane peaks. The contents of short, medium, and
long-chain n-alkanes of crude oil samples are in the ranges of

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.953245

He et al.

42.00%-64.23%, 27.69%-43.61% and 7.14%-14.38%,
respectively. Additionally, Pr/nC;; and Ph/nCig of crude oil
samples are in ranges of 0.47-14.27 and 0.44 to 1524,
respectively. The wide distribution of these parameters
indicates that some samples may be affected by secondary
effects. The Pr/Ph ratios of the crude oil samples in the study
area range from 0.69 to 1.23, implying that the crude oil coming
from the source rocks was deposited under anoxic conditions
(Didyk et al., 1978; Peters et al., 2005). The crude oil samples in
the study area contained a relatively high abundance of -
carotane, suggesting that the source rock was formed in a
brackish lagoonal sedimentary environment (Murphy et al,
1967; Didyk et al, 1978; Moldowan et al., 1985; Valle and
Simoneit 2005; Peters et al., 2005; Zhang et al, 2015; Ding
et al., 2020).

4.4.2 Triterpanes and steranes

In Figure 7, the m/z 191 mass spectrum of the saturated
hydrocarbons in the analysed crude oil samples show that
tricyclic terpanes are abundant, and the tricyclic terpane/17a-
hopane ratios range from 0.72 to 21.20. The tricyclic terpane/
17a-hopane ratios of some samples were unexpected, which may
have been caused by biodegradation. Tricyclic terpanes are
abundant in the extracts and crude oil samples of highly
evolved source rocks. Tricyclic terpanes are less affected by
thermal maturity and more resistant to biodegradation than
hopanes and steranes (Xiao et al, 2019). Most crude oil
samples in the study area are dominated by C,; tricyclic
terpanes (CyTT < CyTT < Cy3TT, and CyyTT < CyTT =
C,3TT), while a few crude oil samples are dominated by Cy;
tricyclic terpanes (Figure 7). The C,0TT/CyTT and C,TT/
C,3TT ratios of the crude oil samples are in the ranges of
0.54-0.89 (0.70 on average) and 0.77 to 1.66 (1.09 on average)
(Table 3).

The C,9/Cso hopane ratios of the crude oil samples range
from 0.46 to 1.23 (0.62 on average), with most of the sample
ratios being less than 1, indicating that the crude oil comes from
source rocks that are rich in terrestrial organic matter (Gurgey
1999). The abnormal C,/Cs¢ hopane ratios may be a result of
Unlike Cyo Cso
preferentially degraded and are unrelated to the type of

biodegradation. hopanes, hopanes are
hydrocarbon-generating parent material (Peters et al., 2005).

The amount of gammacerane in all crude oil samples is high,
and the gammacerane/C;; 22R homohopane ratios are in the
range of 0.69-1.63 (1.04 on average), indicating that the crude oil
comes from the source rock formed in high-salinity sedimentary
environments (Moldowan et al., 1985; Peters and Moldowan
1993; Damsté et al., 1995).

The Ts/Tm ratios of crude oil samples in the study area are in
the range of 0.10-1.33 (0.68 on average) (Table 3). The Ts/Tm
ratio is affected by maturity, and sedimentary background
(Moldowan et al., 1985; Peters et al., 2005). The source rocks

in the study area have various lithologies, the salinity of the water
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body varies greatly, and the types of hydrocarbon-generating
parent materials are diverse. Therefore, the Ts/Tm ratio cannot
be used as the maturity identification standard.

The ratios of C,9 moretane/C,9 hopane and Cs, moretane/
C;0 hopane in the study area are in the range of 0.08-0.22 (mean
0.15) and 0.10-0.33 (0.18), respectively (Table 3), indicating that
the crude oils are derived from mature source rocks (Seifert and
Moldowan, 1986). However, the ratios of C3; homohopane 225/
(228 + 22R), Cs, homohopane 22S/(22S + 22R) in crude oil
samples are in the range of 0.32-0.71 and 0.40-0.63, respectively
(Table 3; Figure 8). Some samples had low ratios, which have
been may be caused by biodegradation.

The distribution characteristics of Cy;, C,5 and Cyg regular
steranes are often used to identify the source of organic matter
input (Huang and Meinschein 1979; Waples and Machihara
1991; Li et al., 2020; Lu et al., 2022). As shown in Figure 7, all
crude oil samples from the study area exhibit a similar
distribution of C,;, C,g and C,y regular steranes (Cyo > Cpg >
, and C,;), and the amounts of pregnane and homopregnane are
relatively high. Generally, the organic matter of source rocks
comes from aquatic organisms, such as algae, and biomarkers
that are rich in C,; steranes, whereas the organic matter of source
rocks coming from higher plants, and biomarkers are rich in C,9
steranes (Huang and Meinschein 1979; Volkman 1986). The
ratios of Cyy sterane 20S/(20S + 20R) and BP/(Pp+aa) for the
crude oil samples from the study area are in the ranges of
0.41-0.52 and 0.44 to 0.64, respectively (Table 3; Figure 8).

5 Discussion
5.1 Assignment of biodegradation level

Because different biomarker parameters differ in their
resistance to biodegradation, the degree of biodegradation can
be graded by comparing their relative amounts (Peters et al.,
2005). The distribution ranges of the physical properties and
composition of crude oils in the study area are relatively large
(Table 2; Figure 5). The saturated/aromatic hydrocarbon ratios,
as well as the amounts of short, medium and long-chain
n-alkanes in the crude oil samples display a good relationship
with density (Figures 6, 9A-C-C). Among these, short-chain
n-alkanes have the highest content, followed by medium-chain
n-alkanes (Figure 9D). Previous studies have demonstrated that
the crude oil in the study area originates from mature source
rocks and migrates over the same distance. Therefore, different
degrees of biodegradation have a significant impact on the overall
composition of crude oil. As shown in Table 3, most of the crude
oil in the study area suffered from the biodegradation at the
1-4 p.m. scale, and only a small portion of the crude oil suffered
strong biodegradation levels (PM > 4) (Peters and Moldowan,
1993). As presented in Figure 7B, biodegradation level 1 (PM 1)
indicates a certain consumption of short-chain n-alkanes, and a
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significant unresolved complex mixture (UCM), and a high Pr/
nC;; and Ph/nC;g ratios (Figure 10). Figure 7C shows the
n-alkanes of this type of crude oil as being significantly
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degraded, and the abundance of isoprenoids is higher than

that of n-alkanes. Therefore, it also shows higher Pr/nC;; and

Ph/nC,g ratios (Figure 10), indicating that this type of crude oil

12

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.953245

He et al.
100
5
0
“bt
o '\
. 10 =
L=) o® o
E @ o i
O
! R\ $& *“b&
(2
R
‘ﬁ‘lve s\
o <3
T 0.1 1 10 100
Ph/nC
FIGURE 10

Plot of Ph/nCyg versus Pr/nC,5 ratios from the studied
Carboniferous crude oil samples in the Hongche fault zone. The
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suffered from level 2 biodegradation (PM 2). It can also be seen
Figure 7D that the crude oil is nearly depleted of n-alkanes, but
the Pr, Ph and B-carotene peaks still exist, indicating that the
crude oil suffered from level 3 biodegradation (PM 3). As shown
in Figure 7E, the crude oil is depleted of n-alkanes and
isoprenoids, with only the peak of B-carotene being observed,
and there is no significant C,g25-norhopane and Cy925-
norhopane on the m/z 177 mass spectrum. Therefore, the
biodegradation of the crude oil has reached level 4 (PM 4). As
shown in Figure 7F, the n-alkanes and isoprenoids of this crude
oil are also completely consumed, and C,g25-norhopane and
C,925-norhopane is evident on the m/z 177 mass spectrum. This
that the has
biodegradation, with the level of biodegradation reaching

indicates crude oil suffered extensive
PM scale level 5 and above, further suggesting that such
crude oil steranes and hopanes have also started to degrade.
As shown in Figure 7G, this type of crude oil has a complete set
of n-alkanes, but there are clear peaks for C,325-norhopane
and Cy925-norhopane in the m/z 177 mass spectrum. The
results obtained reveal that analysed crude oil is a mixture of
the crude oil that suffered extensive biodegradation in the
early stages and crude oil that did not undergo biodegradation
in the later stages. This also confirms that there are multistage
oil-charging events in this study area.

As mentioned above, the crude oil in the study area suffered
from different degrees of biodegradation. Therefore, the
parameters are related to n-alkanes and isoprenoids (e.g., Pr/
Ph, Pr/nC;; and Pr/nC,; and Ph/nC3). However, steranes and
terpanes are more resistant to biodegradation than n-alkanes and
isoprenoids. Therefore, the sterane and terpane series of
biomarkers can be wused for oil-source correlation of
biodegraded oils with PM scales less than level
5 biodegradation. When the PM scale is larger than level
4 biodegradation, most biomarker compounds are ineffective.
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Therefore, the oil source of this part of the crude oil was analysed
by B-carotane and the tricyclic terpane series of compounds with
strong high biodegradation susceptibilities.

5.2 Inferred oil-source correlation

The three sets of source rocks in the P,w, P,f, and P,j are
recognized as important source rocks for the hydrocarbon supply
in the Shawan Sag (Wang and Kang, 2001; Chen et al., 2016b).
Among them, the P,w and P;f are the main oil source rocks.
Previous studies show that the crude oil distributed in the
reservoirs on the north-western margin of the Junggar Basin
mainly originates from these two sets of source rocks. Therefore,
the purpose of this part of the study is to clarify the genetic
relationship between the crude oil of the Carboniferous volcanic
reservoirs in the Hongche Fault Zone and the three sets of source
rocks. Based on the differences in biomarker compounds and
degree of biodegradation of crude oil, the crude oils in the study
area were divided into four groups and seven subgroups
(Figure 11).

Crude oils of group I are non-degraded and slightly degraded
(PM < 1), and retain almost all n-alkanes and isoprenoids, among
which the Pr/Ph ratio is low (0.96-1.12). Regular steranes of C,,
Css, and Cyy show an ascending distribution (Cye > Cyg > Cyy)
and contain a high abundance of gammacerane (the ratio of
gammacerane/Cs;22R homohopane is in the range of 0.75-1.59).
Although this group of crude oils has many similar
characteristics, there are also some minor differences, which
can be divided into subgroups I; and I, (Figure 11). The Cyq,
C,1, and Cy; tricyclic terpanes of subgroup I; crude oils show an
increasing distribution (CyTT < CTT < CuTT or CyoTT <
C,,TT = C,53TT) and contain a high amount of B-carotane. The
distribution characteristics of tricyclic terpanes of subgroup I,
crude oils are CyoTT < Cy;TT > Co5TT (CyTT < C,5TT), which
also contains B-carotane, but its relative abundance is lower than
that in the subgroup I, crude oils. These characteristics indicate
that subgroup I; crude oils originate from the P;f source rock,
while subgroup I, crude oils are a mixed product from the P;fand
P,w source rocks (Figure 11).

The crude oils of group II were moderately-to-severely
biodegraded (PM: 2-4). The n-alkanes and isoprenoids in this
type of crude oils are consumed or exhausted. There is an obvious
UCM and a high abundance of p-carotane (Figure 7). Some crude
oils still have an abundance of Pr and Ph, and their Pr/Ph ratio is
less than 1. The C,y, C,;, and Cy; tricyclic terpanes of this type of
crude oils all show an increasing distribution (C,yTT < C,;TT <
C,53TT) and contain high amounts of gammacerane (the ratio of
gammacerane/C;;22R homohopane is in the range of 0.72-1.48).
These characteristics indicate that the crude oils of group II
originate from the P,f source rock (Figure 11).

The crude oils of group III are extensively biodegradated
(PM > 4). These crude oils have no n-alkanes and isoprenoids,
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but have C,g25-norhopane and C,925-norhopane. Based on
the differences in the biomarker compounds, they can be
divided into subgroups III; and III, (Figure 11). Subgroup
III, crude oils have similar characteristics as those of subgroup
I, and group II crude oils, with an abundance of p-carotane
and the distribution characteristics of CyyTT < C,,TT <
C,5TT. Subgroup III; crude oils also originate from the P;f
source rock and suffer from severe biodegradation in the later
stages. Subgroup III, crude oils have low amounts of B-
carotane, and the distribution of tricyclic terpanes is
Cy0TT < CyTT > Cy3TT, indicating that this type of crude
oils is a mixed product derived from the P,f and P,w source
rocks (Figure 11).

The crude oils of group IV have a complete set of n-alkanes
and isoprenoids, as well as significant C,25-norhopane and
C,925-norhopane present, indicating that such crude oils are a
mixture of non-biodegraded and severely biodegraded residual
oils (Figure 7). Based on the characteristics of the biomarker
compounds, they can be further divided into subgroups IV, and
IV, 11), Of which subgroup IV; has similar
characteristics to subgroup I, indicating that the crude oils

(Figure

originated from the P,f source rock. The characteristics of the
subgroup IV, and I, crude oils are similar, indicating that
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Plot of distribution characteristics of stable carbon isotopes
from the studied Carboniferous crude oil samples and Pow, Pf,
and P4j source rock samples.

subgroup IV, crude oils are a mixed product of P,f and P,w
source rocks (Figure 11).

In summary, the crude oils in the study area mainly originate
from the P, f source rock, with part of the crude oils being a mixed
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product of P,f and P,w source rocks. The above conclusions can
also be drawn from the distribution characteristics of the stable
carbon isotopes in the crude oils and the three sets of source rocks
(i.e., Pow, P,f, and P,j) (Figure 12).

5.3 Origin and accumulation mode of
heavy oil

According to previous results and discussions, crude oils in
the study area are mainly derived from mature P;f source rocks,
and a small part of the crude oils is derived from the mixture of
P;f and P,w source rocks. The Hongche Fault Zone is mainly
affected by the Hercynian, the Indosinian, and the Yanshan
movements, whereas the Himalayan movement has little effect
on the structural transformation of the area (Cao et al.,, 2010;
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Liang et al., 2018). In the late Triassic, the P,f source rock in the
Shawan Sag reached a mature stage, and the oil and gas generated
by the source rock migrated to the upper plate of the
Carboniferous reservoir of the fault zone (Figure 13A). In the
Hongche Fault Zone, owing to intense tectonic activity during
the late Indosinian movement, the newly formed faults or the
faults formed in the early stage reopened, resulting in different
degrees of biodegradation of the crude oil, forming crude oils of
groups I;, II, and III; (Figure 13B). In the early Cretaceous, the
P;f source rock was in the natural gas generation stage, and the
P,w source rock was in the mature stage. During this period, the
fault zone had a certain sealing effect on crude oil, so that a small
part of the crude oil could migrate to the Carboniferous oil
reservoir, forming crude oils of groups I,, III,, and IV
(Figure 13C). As shown in Figure 8, the maturity of crude oil
is slightly higher than that of the source rocks, because the well
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locations of P,w, P;f, and P;j source rocks that have been drilled
in this area are distributed in the structural parts or sloped areas.
The crude oil in the study area does not come from the source
rocks in the structural parts or sloped areas, instead, it originates
from by the source rocks in the sag during the peak oil generation
period. Therefore, it is speculated that there may be well-
preserved primary oil and gas reservoirs in the footwall of the
fault and slope areas, which have good exploration prospects.

The Carboniferous volcanic reservoirs in the study area are
mainly distributed along the fault zone. Not only is the migration
and accumulation of oil and gas closely related to fault activity,
but the degree of crude oil biodegradation is also closely related to
fault activity. As shown in Figure 13D, three sets of typical gas
chromatograms in the study area show different degrees of
biodegradation of crude oil. This result is related mainly to
the strength of tectonism in this area.

6 Conclusion

In this study, the PM scale of crude oil biodegradation was
bulk
compositions, and biomarker compounds. Most of the crude

determined by analysing its physical properties,
oil in the study area suffered from biodegradation at the 1-4 p.m.
scale, and only a small portion of the crude oil suffered severe
biodegradation levels (PM > 4). The main difference between
crude oils is in the degree of biodegradation, followed by the
differences in biomarker compounds. Therefore, crude oils could
be divided into four groups and seven subgroups. The analysis
results showed that the crude oils of subgroups I, IT, ITI;, and IV,
were derived from P;f source rocks, while the crude oils of
subgroups I, III, and IV, were mixed product of the P,f and
P,w source rocks.

We identified periods of oil-charging events. The first stage
was late Triassic, and the crude oil in this period was derived
from the P;f source rock. Owing to the strong tectonic activity in
the late Indosinian movement, the reservoir was mainly
distributed in the footwall of the fault zone, and the crude oil
in the reservoir suffered different degrees of biodegradation,
forming crude oils of subgroups I;, II, and III;. The second
stage is the Cretaceous, during which the P,f source rock was in
the natural gas generation stage, and the P,w source rock was at
the mature stage, causing a small part of the crude oil formed by
the P,w source rock to migrate to Carboniferous reservoirs,
thereby forming crude oils of subgroups I, III,, and IV.

Through a comparative analysis of the maturity of the crude
oil in the reservoir and the obtained source rocks, it was shown
that the crude oil in the study area is not from the source rocks in
the structural positions or sloped areas, but from the source rocks
in the sag during the peak of oil generation. As tectonic activity
approaches stability in the later period, it is speculated that there
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may be well preserved primary oil and gas reservoirs in the
footwall and sloped areas of the fault, showing good exploration
prospects.
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