
Citation: Li, B.; Tang, Y.; Chen, Z.;

Wang, Y.; He, D.; Yan, K.; Chen, L.

The Geochemical Characteristics of

Source Rock and Oil in the Fukang

Sag, Junggar Basin, NW China.

Minerals 2023, 13, 432. https://

doi.org/10.3390/min13030432

Academic Editors: Mahmoud Leila,

Yubin Bai, Bojiang Fan and

Thomas Gentzis

Received: 11 February 2023

Revised: 8 March 2023

Accepted: 16 March 2023

Published: 17 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

The Geochemical Characteristics of Source Rock and Oil in the
Fukang Sag, Junggar Basin, NW China
Bocai Li 1 , Youjun Tang 1, Zhonghong Chen 1,2, Yifeng Wang 3, Daxiang He 1,*, Kai Yan 1 and Lin Chen 4

1 Hubei Key Laboratory of Petroleum Geochemistry and Environment, Yangtze University,
Wuhan 430100, China

2 School of Geosciences, China University of Petroleum (East China), Qingdao 266580, China
3 PetroChina Research Institute of Petroleum Exploration & Development, Beijing 100083, China
4 Exploration and Development Research Institute, Sinopec Shengli Oilfield, Dongying 257001, China
* Correspondence: hedx117@yangtzeu.edu.cn

Abstract: The Fukang Sag in the Junggar Basin is the main exploration block. However, the origin
and source of crude oil are still controversial, which seriously affects the well locating and exploration
in this area. In the present work, 30 source rocks and 21 crude oils were collected for geochemical
analysis to clarify the source of the organic matter, the sedimentary environment, and the evolution
degree. Among them, the source rocks of the Pingdiquan Formation are type II1 organic matter
with good quality, the source rocks of the Badaowan Formation are type II2-III organic matter with
fair–good quality, and the source rocks of the Xishanyao Formation are type II2 organic matter with
fair quality. All source rocks are in the mature stage. The results of the biomarker compounds
show that the lacustrine mudstone of the Xishanyao Formation and the coal-measure mudstone of
the Badaowan Formation were deposited in reducing environments. The former was mainly from
lower aquatic organisms, and the latter was from terrestrial higher plants. The mudstone of the
Pingdiquan Formation was formed in a weakly oxidizing–weakly reducing depositional environment,
and its parent material was of mixed origin. Based on the results of the biomarker compounds and
carbon isotopes, the crude oils were divided into three categories. The Family I crude oil has the
characteristics of low maturity, low salinity, and more input of low-level aquatic organisms, and the
carbon isotope has a good affinity with the lacustrine mudstone of the Xishanyao Formation. The
Family II crude oil shows medium maturity, low salinity, mainly higher plant input, and heavy carbon
isotope, mainly derived from the Badaowan Formation coal-measure mudstone. The Family III crude
oil is characterized by high maturity, high salinity, mixed parent materials, and light carbon isotope
and originates from the mudstone of the Pingdiquan Formation. The results provide a reference for
oil and gas exploration and development in the eastern area of the Junggar Basin; the future research
will focus on well areas with high maturity near the Fukang fault zone.

Keywords: oil family; biomarkers; carbon isotope; Fukang Sag; Junggar basin

1. Introduction

In the long process of geological evolution, oil and gas undergo a series of secondary
changes in migration, enrichment, and evolution, resulting in changes in the oil and gas
properties [1–4]. However, geological and geochemical methods can be used to study
the relationship between the oil and gas and the source rocks [5–7]. Commonly used
oil source comparison parameters include alkane, cycloalkanes, stable carbon isotopes,
and biomarkers [8–11]. Based on biomarkers and hydrocarbon fraction carbon isotopes,
researchers have evaluated the organic matter input and evolution [12–16]. In recent
years, rich achievements have been made in hydrocarbon exploration in the Junggar Basin.
Hydrocarbon-rich sags such as Mahu, Shawan, and Sikeshu have overcome breakthroughs,
opening a new chapter in oil and gas exploration in the western sag of the basin [17–21]. In
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the Baijiahai bulge, North Santai bulge, Fukang fault zone, and other tectonic units around
the Fukang Sag, North Santai, Santai, Ganhe, Cainan, Shanan, and Shabei oil fields have
been discovered, confirming that the area has good exploration potential [22,23]. Due to
the development of multiple sets of hydrocarbon source rocks and the adjustment and
transformation of oil reservoirs, the classification and genesis of the crude oil have become
a hot spot. [24–27]. Previous researchers have put forward different views on the types and
genesis of crude oil in Fukang Sag and its surroundings. Some scholars believe that the
crude oil mainly comes from multiple sets of hydrocarbon source rocks from the Permian
Pingdiquan Formation [28,29]. Other scholars believe that there are other hydrocarbon
source rocks, such as Carboniferous, Permian, Triassic, and Jurassic hydrocarbon source
rocks [30–32]. These disputes seriously restrict the development and breakthrough of oil
and gas deployment in Fukang Sag.

This work aimed to strengthen the understanding of the organic geochemical char-
acteristics, the sources of the organic matter, and the sedimentary environment of the
Jurassic rocks and oils in Fukang Sag. Furthermore, the oil’s genetic families and oil source
correlation were summarized. The present study is conducive to expanding the scale of
oil and gas exploration in the eastern part of the Junggar Basin, thus balancing regional
development differences and playing an important theoretical role in future oil and gas
deployment and development.

2. Geological Setting

Junggar Basin is an inland basin located in North Tianshan Mountain, sandwiched
between Zaire, Qinggelidi Mountain, and Kelameili Mountain [33,34]. Fukang Sag extends
along 44◦10′–44◦30′ N and 87◦30′–88◦40′ E, belonging to the Changji Hui Autonomous
Prefecture (Figure 1a). In terms of its structural position, it belongs to the slope belt
of the central depression, which is adjacent to the Baijiahai bulge and the Fukang fault
zone. [23,35–37] (Figure 1b). The target layer is deeply buried, and the structural form is
relatively simple, but the structural evolution and burial history are relatively complex.

With a basement of the Hercynian fold in the tectonic development and evolution of the
Junggar basin [38], Fukang Sag has experienced three major tectonic movements: the late
Hercynian movement, the Indochina movement, and the Yanshan movement. According to
the regional geological data, unconformity data, and sedimentary evolution characteristics,
the basin can be divided into three tectonic evolution stages, namely, the late Carboniferous–
Permian collision foreland basin stage, the Triassic–Paleogene inland depression basin stage,
and the Neogene–Quaternary regeneration foreland basin stage [23,39].

The Jurassic system can be further divided into the Lower Jurassic Badaowan Forma-
tion and the Sangonghe Formation, the Middle Jurassic Xishanyao Formation and Toutunhe
Formation, and the Upper Jurassic Qigu Formation and Kalazha Formation. The main
exploration targets of the study block are the Badaowan Formation and the Xishanyao
Formation of the Jurassic System [40]. In addition, the Badaowan Formation is a coal-
bearing formation, and the middle part is coal-measure mudstone mixed with thin coal.
The Xishanyao Formation is a lacustrine coal measure stratum, which is mainly interbedded
with mudstone and sandstone and interbedded with gray–black carbonaceous mudstone
(Figure 2).
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Figure 1. Study area location (a), sampling point in Fukang Sag (b).
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Figure 2. Stratigraphic column of t he Permian−Jurassic system in Fukang Sag.

3. Materials and Methods
3.1. Samples

The samples were collected from Dong 1, Dong 101, Dong 2, Dong 3, Dong 7, Dong
701, Dong 8, Fu5, Fu9, Mu3, and Bei 34 in the Fukang Sag, including 30 source rocks and
21 crude oils. The source rock collection horizon was concentrated in the Pingdiquan
Formation, Badaowan Formation, and Xishanyao Formation, and the crude oil collection
horizon was in the Toutunhe Formation (Figure 2). Bitumen chloroform “A” was obtained
by Soxhlet extraction for 72 h. After n-hexane precipitation and filtration of the asphaltene,
the group components were separated by filling the solid-phase chromatography column.
The saturated hydrocarbon, aromatic hydrocarbon, and nonhydrocarbon components
were obtained by adding n-hexane, n-hexane, and dichloromethane mixed solvent and
dichloromethane and methanol mixed solvent, successively.

3.2. Total Organic Carbon (TOC) and Rock-Eval Pyrolysis

A LECO CS230 carbon–sulfur analyzer (Beijing, China) was used for TOC analysis
following the Chinese National Standard GB/T19145-2003 [41]. Before the experiments,
the rock samples were crushed and passed through a 0.08 mm sieve. After drying at a low
temperature, the samples were weighed, and 80~120 mg was added into a crucible; then,
we added dilute hydrochloric acid into the section of the inorganic carbon reaction, and the
total organic carbon test was carried out after the removal of the inorganic carbon.

The rock samples from 6 wells were tested with a Vinci Technologies Rock-Eval
analyzer for pyrolysis analysis following the Chinese National Standard GB/T 18602-
2012 [42]. The derived parameters of pyrolysis included S1 (keep the temperature at 300 ◦C
for 3 min) and S2 (oven temperature increase to 600 ◦C at intervals of 50 ◦C/min).

3.3. Gas Chromatography (GC) and Gas Chromatography–Mass Spectrometry (GC-MS)

An Agilent 7890 gas chromatographer was used for the saturated hydrocarbon GC
analysis; these analyses were carried out with a procedure similar to that of Li et al. [43].
The initial GC oven temperature was 50 ◦C, remaining for 1 min; then, the temperature
was increased from 50 ◦C to 100 ◦C at intervals of 20 ◦C/min. Then, we increased the
temperature from 100 ◦C to 315 ◦C at intervals of 3 ◦C/min, remaining for 16 min. The
sample inlet temperature was 300 ◦C, the carrier gas was helium, the flow rate was 1.0
mL/min, the scanning range was 50~550 AMU, the detection mode was full scan detection,
and the ionization energy was 70 eV.

3.4. Stable Carbon Isotope Analysis

The stable carbon isotope ratio was analyzed by an HP6980 mass spectrometer follow-
ing the Chinese National Standard GB/T 183402-2010 [42]. The temperature was raised
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from 80 ◦C to 300 ◦C at intervals of 4 ◦C/min for 20 min. All stable isotope values were the
average of at least 3 tests and expressed as δ according to the V-PDB standard.

4. Results
4.1. Geochemical Characteristics of Crude Oils
4.1.1. Characteristics of n-Alkanes and Isoprenoids

The extracts of the Dong1 and Dong3 crude oil had relatively high C19+20/C19+20+21+23
values, which were 0.62–0.70 (avg. 0.65). Moreover, they had the highest Pr/Ph ratio of
any crude, ranging from 2.95 to 3.05 (avg. 3.00), which showed pristane predominance
(Table 1). The obvious C24 tetracyclic terpane advantage resulted in C24TeT/C26TT ratios,
which ranged from 3.50 to 4.60 (avg. 4.05). The Dong7, Dong701, and Dong8 crude oil
C19+20/C19+20+21+23 ratios were relatively low and varied from 0.44 to 0.53 (avg. 0.48). The
ratio values of the Pr/Ph were distributed from 2.05 to 2.34, with an average of 2.16, which
showed a distinct pristane advantage. The ratios of the C24TeT/C26TT were slightly lower
than that of the former, which were mainly distributed between 2.1 to 2.8 (avg. 2.44).
Significantly different from the previous crude oil, the C19+20/C19+20+21+23 ratios, Pr/Ph
ratios, and C24TeT/C26TT ratios of the Dong 6 and Dong 12 were the lowest, and their
distribution ranges were 0.33–0.38 (avg. 0.36), 1.80–1.89 (avg. 1.85), and 1.53–1.81 (avg.
1.69), respectively.

Table 1. Biomarker characteristics of the source rocks and crude oil samples in Fukang Sag.

Sample Formation Type 1 2 3 4 5 6 7 8 9 10 11

Dong101-1 J1b source rock 0.77 3.33 4.40 17% 25% 58% 0.23 0.06 0.54 0.56 0.49
Dong101-2 J1b source rock 0.72 3.22 4.20 15% 22% 63% 0.25 0.10 0.52 0.52 0.51
Dong101-3 J1b source rock 0.73 3.09 4.17 13% 31% 56% 0.25 0.09 0.55 0.52 0.50
Dong101-4 J1b source rock 0.82 3.11 4.52 15% 27% 58% 0.21 0.08 0.53 0.53 0.50
Dong101-5 J1b source rock 0.88 3.29 4.55 14% 30% 56% 0.20 0.09 0.55 0.55 0.51
Dong101-6 J1b source rock 0.79 3.18 4.38 15% 27% 58% 0.23 0.06 0.55 0.54 0.51
Dong2-1 J2x source rock 0.45 2.01 2.50 38% 23% 39% 0.91 0.10 0.38 0.50 0.40
Dong2-2 J2x source rock 0.42 1.99 2.45 35% 27% 38% 0.87 0.12 0.37 0.45 0.42
Dong2-3 J2x source rock 0.47 2.07 2.37 33% 27% 40% 0.84 0.12 0.35 0.47 0.42
Dong2-4 J2x source rock 0.45 2.03 2.98 37% 25% 38% 0.88 0.14 0.35 0.45 0.41
Dong2-5 J2x source rock 0.43 2.11 2.22 35% 25% 40% 0.89 0.15 0.37 0.45 0.40

Fu9 J2x source rock 0.43 2.11 2.30 39% 25% 36% 0.97 0.18 0.38 0.43 0.42
Fu5-1 P2p source rock 0.33 1.49 1.35 42% 29% 29% 0.55 0.42 0.65 0.62 0.52
Fu5-2 P2p source rock 0.32 1.47 1.32 41% 32% 27% 0.52 0.38 0.71 0.61 0.54
Mu3-1 P2p source rock 0.37 1.52 1.21 40% 27% 33% 0.49 0.21 0.69 0.59 0.49
Mu3-2 P2p source rock 0.35 1.52 1.11 39% 26% 35% 0.47 0.23 0.64 0.57 0.51
Mu3-3 P2p source rock 0.32 1.55 1.03 40% 25% 35% 0.59 0.27 0.66 0.56 0.50
Bei34 P2p source rock 0.39 1.57 1.44 40% 27% 33% 0.64 0.38 0.63 0.65 0.54

Dong1-1 J2t crude oil 0.63 3.05 3.50 15% 25% 60% 0.25 0.05 0.45 0.53 0.50
Dong1-2 J2t crude oil 0.62 2.98 3.90 12% 24% 64% 0.19 0.08 0.48 0.55 0.49
Dong3-1 J2t crude oil 0.70 3.01 4.20 19% 25% 56% 0.28 0.06 0.50 0.52 0.48
Dong3-2 J2t crude oil 0.65 2.95 4.60 16% 26% 58% 0.34 0.06 0.47 0.52 0.50
Dong7-1 J2t crude oil 0.51 2.18 2.20 42% 20% 38% 1.11 0.14 0.39 0.47 0.35
Dong7-2 J2t crude oil 0.53 2.19 2.30 45% 22% 33% 1.36 0.13 0.38 0.45 0.42
Dong7-3 J2t crude oil 0.49 2.11 2.30 43% 23% 34% 1.26 0.17 0.37 0.47 0.42
Dong7-4 J2t crude oil 0.45 2.11 2.40 41% 23% 36% 1.14 0.16 0.33 0.48 0.40
Dong7-5 J2t crude oil 0.48 2.12 2.40 39% 21% 40% 0.98 0.16 0.38 0.50 0.42
Dong7-6 J2t crude oil 0.50 2.11 2.60 41% 22% 37% 1.11 0.15 0.32 0.51 0.41

Dong701-1 J2t crude oil 0.45 2.34 2.50 42% 22% 36% 1.17 0.11 0.37 0.49 0.37
Dong701-2 J2t crude oil 0.48 2.23 2.80 43% 20% 37% 1.16 0.16 0.35 0.55 0.39
Dong701-3 J2t crude oil 0.42 2.13 2.90 36% 25% 39% 0.92 0.11 0.36 0.43 0.41
Dong701-4 J2t crude oil 0.44 2.16 2.10 40% 20% 40% 1.00 0.17 0.39 0.43 0.43
Dong8-1 J2t crude oil 0.47 2.17 2.40 32% 21% 48% 0.67 0.15 0.35 0.39 0.42
Dong8-2 J2t crude oil 0.49 2.05 2.20 38% 22% 40% 0.95 0.15 0.36 0.40 0.41
Dong8-3 J2t crude oil 0.50 2.20 2.60 38% 21% 41% 0.93 0.17 0.38 0.40 0.42
Dong6-1 J2t crude oil 0.38 1.82 1.80 35% 20% 45% 0.78 0.25 0.62 0.59 0.52
Dong6-2 J2t crude oil 0.35 1.89 1.81 37% 25% 38% 0.80 0.26 0.60 0.55 0.54

Dong12-1 J2t crude oil 0.33 1.80 1.53 33% 25% 42% 0.88 0.29 0.59 0.57 0.54
Dong12-2 J2t crude oil 0.37 1.88 1.60 37% 22% 41% 0.97 0.23 0.59 0.55 0.55

1: C19+20/C19+20+21+23: C19+20/C19+20+21+23 tricyclic terpane; 2: Pr/Ph: pristane/phytane; 3: C24TeT/C26TT:
C24 tetracyclic terpane/C26 tricyclic terpane; 4: C27/∑C27-29 regular steranes; 5: C28/∑C27-29 regular ster-
anes; 6: C29/∑C27-29 regular steranes; 7: C27/C29 regular steranes; 8: Ga/C30H: gammacerane/C30 hopane;
9: Ts/(Ts + Tm):18α-22,29,30-trisnorneohopane/(18α-22,29,30-trisnorneohopane+17α-22,29,30-trisnorhopane); 10:
C29-sterane ββ/(αα + ββ); 11: ααα C29-sterane 20S/(20S + 20R).
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4.1.2. Characteristics of Steranes and Hopanes

The oils of Dong1 and Dong3 had relatively high αααC29-sterane 20S/(20S + 20R)
and C29-sterane ββ/(αα + ββ) ratios, which were 0.48–0.50 (avg. 0.49) and 0.52–0.55
(avg. 0.53), respectively. In this study, the Ts contents were lower than the Tm, and the
Ts/(Ts + Tm) ratios varied between 0.45 and 0.50 (avg. 0.48), which were at a moderate
level (Table 1). The ααα20RC27-C28-C29 regular sterane distribution patterns of the oil
samples were “Inverted L”-shaped (Figure 3). The relative contents of the C27 regular
sterane were lower than those of the C29 regular sterane, and the C27/C29 ratios ranged
from 0.19 to 0.34 (avg. 0.26). The gammacerane/C30-hopane were relatively low and
varied from 0.05 to 0.08 (avg. 0.06). The oils of Dong7, Dong701, and Dong8 had the
relatively lowest αααC29-sterane 20S/(20S + 20R) and C29-sterane ββ/(αα + ββ) ratios,
which were 0.35–0.43 (avg. 0.41) and 0.39–0.55 (avg. 0.46), respectively, which reflected
that these oil samples had low maturity. The ratios of the Ts/(Ts + Tm) were lower than
0.4, ranging from 0.32 to 0.39 (avg. 0.36). In the relative content of the regular steranes, the
content of the regular steranes of C27 and C29 was similar, the peak pattern was mainly
“V”-shaped (Figure 3), and the ratios of C27/C29 were concentrated in 0.92–1.36 (avg. 1.06).
The ratios of gammacerane/C30-hopane were higher than the former, varying between 0.11
and 0.17 (avg. 0.15). Obviously different from the other crude oils, Dong 6 and Dong 12
had the highest αααC29-sterane 20S/(20S + 20R), C29-sterane ββ/(αα + ββ) ratios, and
Ts/(Ts + Tm) ratios, which ranged from 0.52 to 0.54 (avg. 0.54), 0.55 to 0.59 (avg. 0.57), and
0.59 to 0.62 (avg. 0.60), respectively. The ααα20RC27-C28-C29 regular sterane distribution
patterns of the oil samples were “L”-shaped (Figure 3). The relative contents of the C27
regular sterane were slightly lower than those of the C29 regular sterane, and the C27/C29
ratios ranged from 0.78 to 0.97 (avg. 0.86). The ratios of the gammacerane/C30-hopane
were the highest, varying from 0.23 to 0.29 (avg. 0.26).

4.2. Geochemical Characteristics of the Source Rocks
4.2.1. Characteristics of the Coal-Measure Mudstone of the Badaowan Formation

The TOC content, S1 + S2, of the coal-measure mudstone of the Badaowan Formation
ranged from 2.47% to 3.14% (avg. 2.83%) and 2.04 to 2.61 mg/g (avg. 2.31 mg/g), respec-
tively (Figure 4a and Table 2). As shown in Figure 4a, the rock samples were identified as
fair to good source rocks [44,45]. The value of the Hydrogen Index (HI) and the Tmax from
the coal-measure mudstone ranged between 104.24 and 133.11 mg/g (avg. 117.71 mg/g)
and between 439 and 449 ◦C, with a mean value of 442 ◦C, respectively. The low HI value
reflected the existence of a large number of terrigenous plants in the parent source [46].
In addition, in the combined HI versus Tmax kerogen type classification diagrams, the
Badaowan Formation rock samples represented type II2-III kerogen (Figure 4b) [47,48].

Table 2. The geochemical characteristics of the source rocks in Fukang Sag.

Formation TOC/% S1 + S2
(mg/g)

Hydrogen
Index (mg/g) Tmax (◦C) Organic Matter

Type
Abundance
Evaluation

P2p 3.33–4.86
4.16(10)

4.04–5.55
4.73(10)

223.12–259.73
241.29(10)

446–455
450(10) II1 Good

J1b 2.47–3.14
2.83(10)

2.04–2.61
2.31(10)

104.24–133.11
117.71(10)

439–449
442(10) II2-III Fair-Good

J2x 1.85–2.43
2.11(10)

1.74–2.17
2.01(10)

156.25–198.52
174.78(10)

432–441
438(10) II2 Fair

Note: Min~Max; Avg (Number).
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Figure 3. The GC-MS characteristics of the saturated hydrocarbon of the typical source rock and
crude oil in Fukang Sag.Minerals 2023, 13, x FOR PEER REVIEW 9 of 16 

 

 

 
Figure 4. The TOC versus S1 + S2 of samples in the Fukang Sag (a), Tmax versus Hydrogen Index 
showing the types of kerogen (b). 

Table 2. The geochemical characteristics of the source rocks in Fukang Sag. 

Formation TOC/% S1 + S2 

(mg/g) 
Hydrogen Index 

(mg/g) 
Tmax (℃) Organic 

Matter Type 
Abundance 
Evaluation 

P2p 3.33–4.86 
4.16(10) 

4.04–5.55 
4.73(10) 

223.12–259.73 
241.29(10) 

446–455 
450(10) 

II1 Good 

J1b 2.47–3.14 
2.83(10) 

2.04–2.61 
2.31(10) 

104.24–133.11 
117.71(10) 

439–449 
442(10) 

II2-III Fair-Good 

J2x 1.85–2.43 
2.11(10) 

1.74–2.17 
2.01(10) 

156.25–198.52 
174.78(10) 

432–441 
438(10) 

II2 Fair 

Note: Min~Max 
Avg (Number). 

The C19+20/C19+20+21+23 ratios can be used to determine the origin of organic matter 
[49,50]. Generally, terrestrial organic matter has high C19+20/C19+20+21+23 ratios, while marine 
organic matter has low ratios [51–53]. The C19+20/C19+20+21+23 ratio of the coal-measure 
mudstone of the Badaowan Formation was relatively high, with a distribution range of 
0.72-0.88 and an average value of 0.79, indicating that the terrigenous plants were 
significant. (Table 1). The ratio of pristane/phytane (Pr/Ph) is a vital parameter and is 
widely used to indicate sedimentary environments and sources of organic matter [54,55]. 
The consensus is that low Pr/Ph (Pr/Ph < 1) reflects the depositional environment of 
reduction, moderate Pr/Ph (1≤Pr/Ph<3) reveals a transitional sedimentary environment, 
and high Pr/Ph (Pr/Ph > 3) represents an oxidized terrigenous sedimentary environment 
[12,56]. The high Pr/Ph (3.09–3.33) ratios reflect the pristane predominance of the 
Badaowan Formation coal-measure mudstones (Table 1), and they were mainly derived 
from a terrestrial sedimentary environment in a low-salinity oxidation environment. 
C24TeT occupied a large proportion in the terrestrial parent material [57–59], and the 
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The C19+20/C19+20+21+23 ratios can be used to determine the origin of organic matter [49,50].
Generally, terrestrial organic matter has high C19+20/C19+20+21+23 ratios, while marine organic
matter has low ratios [51–53]. The C19+20/C19+20+21+23 ratio of the coal-measure mudstone of
the Badaowan Formation was relatively high, with a distribution range of 0.72-0.88 and an
average value of 0.79, indicating that the terrigenous plants were significant. (Table 1). The ratio
of pristane/phytane (Pr/Ph) is a vital parameter and is widely used to indicate sedimentary en-
vironments and sources of organic matter [54,55]. The consensus is that low Pr/Ph (Pr/Ph < 1)
reflects the depositional environment of reduction, moderate Pr/Ph (1≤Pr/Ph<3) reveals a
transitional sedimentary environment, and high Pr/Ph (Pr/Ph > 3) represents an oxidized
terrigenous sedimentary environment [12,56]. The high Pr/Ph (3.09–3.33) ratios reflect the pris-
tane predominance of the Badaowan Formation coal-measure mudstones (Table 1), and they
were mainly derived from a terrestrial sedimentary environment in a low-salinity oxidation
environment. C24TeT occupied a large proportion in the terrestrial parent material [57–59], and
the distribution range of the C24TeT/C26TT ratios of the Badaowan Formation were 4.17–4.55
(avg. 4.37), which was important evidence of the source of terrestrial matter. The C27 and C28
regular steranes were derived from marine organic algae and lake algae, respectively, while
the C29 regular steranes were derived from terrestrial higher plants. Therefore, the relative
abundance of ααα20RC27-29 of regular steranes is often used to distinguish organic matter
types [60]. The relative contents of C27 (13%–17%) were obviously lower than C29 (56%–63%),
and the C27/C29 was concentrated at 0.20–0.25 (avg. 0.23), proving terrestrial higher plants
were the main parent material. As an indicator of the deposition environment, the gammacer-
ane indicates a strong reduction and high salinity deposition environment when a high value
occurs, and there will be a certain water stratification phenomenon in the water [56,61]. The
Badaowan Formation mudstone samples had low gammacerane contents, and only sample
Dong101-2 had a gammacerane to C30 hopane ratio of 0.10, indicating the sedimentary water
body was fresh water.

The ratios of the C29 steranes isomers can reflect the maturity of the source rocks,
and αααC29-sterane 20S/(20S + 20R) and C29-sterane ββ/(αα + ββ) are considered valid
indicators of maturity [57]. The values of the αααC29-sterane 20S/(20S + 20R) and C29-
sterane ββ/(αα + ββ) were 0.49–0.51 (avg. 0.50) and 0.52–0.56 (avg. 0.54), respectively,
which were relatively high (Table 1). Furthermore, Ts/(Ts + Tm) is a common parameter
and increases with increasing maturity; the ratios of Ts/(Ts + Tm) varied from 0.52 to 0.55
(avg. 0.54), indicating jointly that the coal-measure mudstones reached the mature stage.

4.2.2. Characteristics of the Lacustrine Mudstone of the Xishanyao Formation

The TOC, S1 + S2, Hydrogen Index (HI), and Tmax values of the lacustrine mudstone
of the Xishanyao Formation ranged from 1.85% to 2.43% (avg. 2.11%), 1.74 to 2.17 mg/g
(avg. 2.01 mg/g), 156.25 to 198.52 mg/g (avg. 174.78 mg/g), and 432 to 441 ◦C, with a
mean value of 438 ◦C, respectively (Table 2). In general, the lacustrine mudstone was type
II2 kerogen, which reached the mature stage and had a moderate hydrocarbon generation
capacity; so, it was a medium source rock (Figure 4).

The extracts of the Xishanyao Formation lacustrine mudstones had medium C19+20/
C19+20+21+23 ratios, which ranged from 0.42 to 0.47 (avg. 0.44). In addition, the C24TeT/C26TT
ratios of the samples were relatively medium varying from 2.22 to 2.98 (avg. 2.47), which
reflected the input characteristics of terrestrial higher plants and algae. The relative per-
centages of the C27 and C29 were approximately the same, which were located at 33%–39%
and 36%–40%, respectively (Table 1). To a large extent, it proved that the parent source
had the characteristics of mixed sources. The gammacerane/C30-hopane of the lacustrine
mudstone of the Xishanyao Formation varied between 0.10 and 0.18, with an average of
0.14, indicating the sedimentary water body was fresh water, the water body was shallow,
and there was no obvious stratification. The Xishanyao Formation samples had relatively
low αααC29-sterane 20S/(20S + 20R) and C29-sterane ββ/(αα + ββ) ratios, which varied
from 0.40 to 0.42 (avg. 0.41) and 0.43 to 0.50 (avg. 0.46), respectively. They showed relatively
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low Ts/(Ts+Tm) ratios at 0.37, identifying the maturity was far lower than other numbers,
and it was in the low mature evolutionary stage.

4.2.3. Characteristics of the Mudstone of the Pingdiquan Formation

The mudstone of the Pingdiquan Formation had a higher total organic carbon content,
ranging from 3.33 to 4.86% (avg. 4.16%) (Figure 4a; Table 2). The HI values were between
223.12 and 259.73 mg/g (avg. 241.29 mg/g). The type of organic matter was II1 (Figure 4b).
The Tmax values and S1 + S2 (avg. 4.73 mg/g) indicated that the organic matter reached the
mature stage and belonged to the category of good source rocks.

The relatively low C19+20/C19+20+21+23 ratios of the Pingdiquan Formation mudstone
samples ranged between 0.32 and 0.39, with an average of 0.35, also supporting the ma-
rine organic matter source. The Pr/Ph of the mudstone of the Pingdiquan Formation
varied between 1.47 and 1.57 (avg. 1.52). indicating the mudstone mainly came from the
weak oxidation–weak reduction marine sedimentary environment. Moreover, the low
C24TeT/C26TT ratios ranging from 1.03 to 1.44 could be indicative of algae organic matter
inputs. In this study, the relative contents of C27 (39%–42%) were obviously higher than
the C29 (27%–35%), and the C27/C29 was concentrated at 0.47–0.64 (avg. 0.54). A certain
amount of gammacerane was detected in the mudstone of the Pingdiquan Formation,
whose ratios ranged from 0.21 to 0.42 (avg. 0.32), indicating the mudstone was deposited
in a brackish marine environment. The Pingdiquan Formation mudstone samples had rela-
tively high αααC29-sterane 20S/(20S + 20R) and C29-sterane ββ/(αα + ββ) ratios (Table 1),
which varied from 0.49 to 0.54 (avg. 0.52) and 0.56 to 0.65 (avg. 0.60), respectively. They
showed relatively high Ts/(Ts + Tm) ratios varying from 0.63 to 0.71 (avg. 0.66), showing
the samples reached a higher stage of thermal evolution.

5. Discussion
5.1. Oil Family Classification

The Family I oil mainly included Dong7, Dong701, and Dong8; the ratios of the
C19+20/C19+20+21+23 and C24TeT/C26TT were slightly lower than those of the other ethnic
groups and at a medium level. The C27/C29 indicated that in the parent source, it was
mainly algae input. The results of the Pr/Ph and gammacerane/C30-hopane showed the
oil samples were deposited in a lacustrine sedimentary environment with weak oxidation
and weak reduction [56]. The isomerization index of steranes indicated an early mature
stage with low maturity.

The Family II oil was located in Dong1 and Dong3, which had high C19+20/C19+20+21+23
and C24TeT/C26TT ratios and low C27/C29 ratios, indicating that the oils were derived from
terrestrial higher plants (Figure 5). The results of the Pr/Ph and gammacerane/C30-hopane
suggested that the oil samples were deposited in a fresh environment with low salinity. On
the αααC29-sterane 20S/(20S + 20R) versus C29-sterane ββ/(αα + ββ) cross plot, all of the
Family II oil samples showed a mature stage.

The Family III oil was located in Dong6 and Dong12; the C19+20/C19+20+21+23, C24TeT/
C26TT, and ααα20RC27-29 relative contents of the Family III oil showed that the samples of
organic matter were mainly a mixture of algae and terrestrial higher plants (Figure 5), and
its high gammacerane/C30-hopane value suggested a saltwater environment with high
salinity (Figure 6a). Compared with other crude oil samples, it had the highest maturity
and reached the mature stage of thermal evolution (Figure 6b).
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Figure 5. C27, C28, and C29 show the origin of organic matter in oil samples. (I: Terrestrial plant, II:
Mainly terrestrial plant, III: Mixed source, IV: Phycophyta, V: Mainly Phycophyta, VI: Plankton, VII:
Mainly Plankton.).

Figure 6. Cross plots of C19+20/C19+20+21+23 versus Ga/C30 hopane (a) and C29 steranes αββ/(ααα +
αββ) versus C29 steranes20S/(20S + 20R) (b) of the oil samples in the Fukang Sag.

5.2. Oil–Source Rock Correlation
5.2.1. Comparison of N-Alkanes

The composition and distribution characteristics of the n-alkanes mainly depend on
the maturity and type of organic matter. In the case of the same source, the crude oil
and source rock have similar n-alkanes characteristics [59–62]. The gas chromatogram
characteristics of the Family I oil were different from those of the coal-measure mudstone
of the Badaowan Formation and mudstone of the Pingdiquan Formation. The results
suggested that the source rock of the Family I oil was the lacustrine mudstone of the
Xishanyao Formation, the source rock of the Family II oil was the coal-measure mudstone
of the Badaowan Formation, and the source rock of the Family III oil was the mudstone of
the Pingdiquan Formation.

5.2.2. Correlogram Correlation of the Biomarker Parameters

The intersection diagram of the Pr/Ph versus C24TeT/C26TT and the Ts/(Ts + Tm)
versus Ga/C30-hopane jointly indicated that the oil samples of the Family I derived from
the lacustrine mudstone of the Xishanyao Formation, the oil samples of Family II came
from the typical coal-measure mudstone of the Badaowan Formation, and the oil samples
of Family III originated from the mudstone of the Pingdiquan Formation. This also further
supports the above conclusions (Figure 7).
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Figure 7. The cross plots of the pristane/phytane versus C24TeT/C26TT (a) and the Ts/(Ts + Tm)
versus Ga/C30 hopane (b) show the oil–source correlation.

5.2.3. Comparison of the Carbon isotopes δ13C

The carbon isotope composition of the kerogen in Jurassic source rocks is relatively
heavy as a whole, in which the isotope value of the Badaowan Formation was−25.0‰~−28.0‰,
and that of the Xishanyao Formation was −26.0‰~−29.0‰. However, the carbon isotope
value of the Permian Pingdiquan Formation was relatively light, mainly concentrated at
−27.0‰~−32.0‰. The mid-range of the δ13C ratios of the Family I oil ranged between
−27.5‰ and −26.8‰; they were related to the lacustrine mudstone of the Xishanyao
Formation. The δ13C values of the Family II oil samples varied from −26.5‰~−26.1‰,
showing good affinity with the δ13C of the coal-measure mudstone of the Badaowan For-
mation. The crude oils of the Family III had light δ13C values, which indicated that the oils
had the same characteristics as the mudstone of the Pingdiquan Formation (Figure 8).

Figure 8. Distribution of the source rock and crude oil of the carbon isotope in Fukang Sag.

6. Conclusions

1. The organic matter abundance of the source rocks in the Fukang Sag was ranked from
high to low: Pingdiquan Formation (good quality), Badaowan Formation (fair–good
quality), and Xishanyao Formation (fair quality). All samples reached the peak of the
oil window based on their geochemical maturity parameters.

2. The crude oil from Fukang Sag can be distinguished as Family I, Family II, and Family
III by the differences in the geochemical features. The descending order of crude
oil maturity was Family III, Family II, and Family I. The biomarkers and carbon
isotopes showed that the Family I oil was derived from the lacustrine mudstone of the
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Xishanyao Formation. The Family II oil showed close correlations to the coal-measure
mudstone of the Badaowan Formation. The Family III oil was chiefly contributed by
mudstone from the Pingdiquan Formation.

3. According to the maturity of the source rocks and crude oil, well locating and explo-
ration in the Fukang Sag of the Junggar Basin can be concentrated in wells with high
maturity in the future, and it is recommended that oil and gas be deployed near the
Fukang fault zone.
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