
Journal of Earth Science, Vol. 34, No. 4, p. 1026-1040, August 2023
Printed in China
https://doi.org/10.1007/s12583-021-1566-0

ISSN 1674-487X

Liu Shiju, Gao Gang, Gang Wenzhe, Xiang Baoli, Wang Ming, Wang Chengyun, 2023. Comparison of Formation Conditions of 
Source Rocks of Fengcheng and Lucaogou Formations in the Junggar Basin, NW China: Implications for Organic Matter Enrich‐
ment and Hydrocarbon Potential. Journal of Earth Science, 34(4): 1026–1040. https://doi.org/10.1007/s12583-021-1566-0. http://en.
earth-science.net

Comparison of Formation Conditions of Source Rocks of 
Fengcheng and Lucaogou Formations in the Junggar Basin, 

NW China: Implications for Organic Matter Enrichment and 
Hydrocarbon Potential

Shiju Liu 1, 2, 3, Gang Gao *1, 2, Wenzhe Gang1, 2, Baoli Xiang4, Ming Wang4, Chengyun Wang5

1. College of Geosciences, China University of Petroleum, No. 18 Fuxue Road, Beijing 102249, China
2. State Key Laboratory of Petroleum Resource and Prospecting, China University of Petroleum, No. 18 Fuxue Road,

Beijing 102249, China
3. PetroChina Research Institute of Petroleum Exploration & Development, Beijing 100083, China
4. Experimental Testing Institute, PetroChina Xinjiang Oilfield Company, Karamay 834000, China

5. Exploration and Development Research Institute of PetroChina Huabei Oilfield Company, Renqiu 062552, China
Shiju Liu: https://orcid.org/0000-0003-4630-896X; Gang Gao: https://orcid.org/0000-0002-7967-9225

ABSTRACT: Shales in the Carboniferous–Permian Fengcheng (FC) and Lucaogou (LCG) formations 
in Junggar Basin are important organic rich rocks containing significant oil resources. To evaluate the 
difference in sedimentary environment conditions and hydrocarbon-generating potential between the 
FC and LCG formations. Total organic carbon (TOC), Rock-Eval pyrolysis, solvent extraction, column 
fractionation, stable carbon isotope, gas chromatography-mass spectrometry (GC-MS) of saturated hy‐
drocarbons and organic petrology from the source rocks of FC and LCG formations. were analyzed. 
The biomarker composition indicates that during the deposition of FC, LCG-1 to LCG-2, the sedimen‐
tary environment for the source rock formations changed with gradual decrease of salinity, from anox‐
ic to dyoxic/suboxic in redox conditions, and from strong stratification to weakened stratification of wa‐
ter. The FC Formation source rock, with main telalginite (planktonic green algae), archaebacteria and 
minor terrestrial organic matter, deposited in the environment characterized by high salinity and 
strongly reducing condition. Its TOC content is relatively low with a high original hydrocarbon-
generating potential of unit organic material. The LCG Formation source rock deposited in the envi‐
ronment with low salinity and large variations, the organic matter is mainly sourced from telalginite 
(planktonic green algae), lamalginite, bacteria and higher plants, resulting in strong heterogeneity of 
the source rock. The abundance of TOC is high, but the original hydrocarbon generation potential of 
unit organic matter is lower than that of FC Formation. The results provide a geochemical basis for 
further study of saline-brackish water sedimentary environment shales in the Junggar Basin.
KEY WORDS: geochemistry, biogenic precursors, depositional conditions, Fengcheng Formation, 
Lucaogou Formation, Junggar Basin.

0 INTRODUCTION 
Modern oil and gas exploration is characterized by in‐

creasing development of unconventional oil and gas (Liu et al., 
2021; Ghanizadeh et al., 2015; Jarvie, 2012, 2010; Che et al., 
2010; Liu and Liu, 2005). Unconventional oil and gas are main‐
ly characterized by the integration of source rocks and reser‐
voirs, which forms a “self-generating and self-storing” petro‐
leum system (Liu et al., 2018; Nie et al., 2016; Gao et al., 

2013; Wu et al., 2013; Kuhn et al., 2012; Liang et al., 2012), 
which are conducive to the efficient accumulation of oil and 
gas. The enrichment of shale/tight oil and gas is closely related 
to the sedimentary conditions of source rocks and the source of 
organic matter (Gao et al., 2018; Liu et al., 2017; Zou et al., 
2013, 2011). It is important to analyze the evolution of the sedi‐
mentary conditions of source rocks and to compare the mecha‐
nisms of organic matter enrichment to better understand the ac‐
cumulation and distribution of shale/tight oil and gas. Some re‐
searchers have reported that many lacustrine high-quality 
source rocks are related to the mixed fine-grained deposition 
conditions in lacustrine basins with specific but varying de‐
grees of salinity (Jin et al., 2008; Zhu et al., 2004). The 
Carboniferous – Permian Fengcheng Formation (FC Fm) and 
Lucaogou Formation (LCG Fm) in the Junggar Basin, North‐
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west China are typical fine-grained deposits in saline lacustrine 
facies (Gao et al., 2018; Wang et al., 2018; Qu et al., 2017; Ren 
et al., 2017). Although the FC and the LCG Fms were deposited 
in different periods, the compositions of the biomarkers in the 
source rocks are similar and inherited to some extent. In this 
study, the sedimentary environment and biological sources of 
the FC Fm and LCG Fm in the Junggar Basin were systematical‐
ly analyzed. A comprehensive study on the evolution of the sedi‐
mentary conditions of organic matter enrichment in the source 
rocks of the brackish lacustrine basin is helpful in determining 
the favorable sedimentary conditions for the development of 
source rocks in other areas. Therefore, it helps in predicting ef‐
fective source rocks and improves the understanding of the con‐
ditions for the accumulation of shale oil and gas resources or for 
the enrichment of organic matter in the source rock.

1 GEOLOGICAL SETTING 
The Junggar Basin is located in the northern part of the 

Xinjiang Uygur Autonomous Region of China. It is bounded 
by the Harat and Delun Mountains in the northwest and the 
Qingge Lidi Mountains in the northeast. The Junggar Basin is 
adjacent to Mount Krameli (east), Mount Chai (west), Mount 
Irinhebirgen (southwest), and Mount Bogda (southeast) (Wang 
et al., 2000) (Fig. 1), and has experienced many tectonic move‐
ment cycles, such as the Hercynian, Indo-China, Yanshan, and 
Himalayan, resulting in the formation of a large superimposed 
basin (Zhang and Zhang, 2006). The subsidence of the pre-
Carboniferous basement in the basin is relatively large, and the 
sedimentary rocks in the central depression have a thickness of 
13–16 km (Chen et al., 2007; Zhang et al., 2006; Kuang et al., 
1999).

The FC Fm, which is mainly distributed in the Mahu sag 
of a secondary tectonic unit of the Junggar Basin, extends west‐
ward to the Wuxia and Kebai fault zones. The southern area of 
the Mahu sag is connected to the Zhongguai uplift and the Da‐
basong uplift and is adjacent to the Xiayan uplift, Yingxi de‐
pression, and the Quartz Tan uplift in the east, with a total area 
of ~5 200 km2 (Fig. 1a). A series of strata successively devel‐
oped in the Mahu sag during the Carboniferous, Permian, Trias‐
sic, Jurassic, Cretaceous, Tertiary, and Quaternary periods. 
Most of the strata are in unconformable contact (Fig. 1b) in 
which reservoir-caprock assemblages developed on each hori‐
zon, consisting of multiple assemblages of varying qualities. 
The major source rocks occur in the FC Fm in the Mahu sag, 
with some of them in the Middle Permian Lower Wuerhe Fm 
and Middle Carboniferous Jiamuhe Fm (Cao et al., 2020) (Fig. 
1b). The FC Fm was buried at a depth of 2 600–6 500 m and 
was 150 – 1 000 m thick on average, with the thickest point 
reaching 1 800 m. It is in unconformable contact with the Low‐
er Jiamuhe Fm and Upper Xiazijie Fm (Lu et al., 2012).

The Jimusaer sag, located in the eastern Junggar Basin, is 
a subsag developed on the eastern uplift of the first-order struc‐
tural unit and bounded by thrust faults on its southern, western, 
and northern boundaries (Fig. 1). It is surrounded by the Boge‐
da Mountain tectonic belt through the Santai fault in the south 
and separated by the Xidi fault in the west and the Jimusaer 
fault and Shaqi uplift in the north; it transitions to the west Gu‐
cheng uplift in the east. On a 2D plane, the Jimusaer sag takes 

on the shape of an irregular polygon, covering an area of 
~1 278 km2 (Zhang et al., 2003). Currently, it has a dustpan-
like structure with a fault in the west and an overlap in the east. 
The LCG Fm and Jingjingzigou Fm are in conformable con‐
tact, with the thickest part located in the central depression 
(Fig. 1d). The thickness averages 100–320 m, which decreases 
towards the edges and is divided into two longitudinal sections. 
The formations consist mainly of a set of shale, thin-layered 
sandy dolomite, and dolomitic siltstone, which primarily gener‐
ate hydrocarbons in the sag (Guo and Li, 2009; Liu et al., 
2006; Shi et al., 2005). Currently, crude oil found in the LCG 
Fm and Wutonggou Fm is sourced from this set of source 
rocks (Gao et al., 2016; Jiang et al., 2015; Kuang et al., 2013, 
2012; Sun, 2012).

2 SAMPLING AND METHODS 
2.1 Samples　

In order to conduct experimental analysis on the source 
rock of the LCG Fm in the Jimusaer sag, 152 shale core sam‐
ples were obtained from drilling wells shown in Fig. 1c. 
Among them, 83 samples were collected from the upper part of 
the Lucaogou Fm (LCG-2), with 69 samples collected from the 
lower part (LCG-1). In FC Fm, a total of 135 shale core sam‐
ples were obtained from nine wells in the Mahu sag (Fig. 1a). 
Some geochemical experiments were conducted to clarify the 
mudstone characteristics in the three horizons from the 287 col‐
lected samples.

2.2 TOC and Rock-Eval　
Before the start of the experiments, the samples were 

screened with an 80-mesh sieve. For meeting the requirements 
of the analytical instrument and for the convenience of subse‐
quent experiments, all shale samples were crushed into powder 
smaller than 80-mesh size prior to conducting the experiments. 
The TOC and rock pyrolys was carried out according to Chi‐
nese Industry Standard GB/T 19145-2003 and GB/T 18602-
2012, respectively. Those described by Li et al. (2019a, b, 
2017). A Leco CS-230 Carbon analyzer was used for the TOC 
(total organic carbon) analysis. Free hydrocarbon content (S1; 
mg HC/g rock), pyrolyzed hydrocarbon (S2; mg HC/g rock) 
and maximum pyrolysis yield (Tmax) (the temperature of maxi‐
mum pyrolysis yield in °C) data were obtained by Rock-Eval 
analysis.

2.3 Gas Chromatograph-Mass Spectrometer and Stable 
Carbon Isotope Measurements　

Extraction and fractionation of soluble organic matter in 
source rocks and GC-MS analysis of saturated hydrocarbons 
are consistent with those described by Gao et al. (2018). The 
carbon isotope analyses of the extracts are consistent with 
those described by Luo et al. (2018).

2.4 Petrographic Analysis　
Organic petrological characteristics were described by us‐

ing a Leica MPV microscope equipped with a 50× and 20× ob‐
jective and oil immersion under reflected and blue fluorescent 
light. The polished thin sections for microscopic observation 
were prepared perpendicular to the bedding planes.
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3 RESULTS 
3.1 Source Rock Characteristics　

The FC Fm, LCG-1, and LCG-2 shales in the Mahu and 
Jimusaer sags contain variable TOC contents in the range of 
0.36 wt.%–4.43 wt.% (ave = 1.06 wt.%), 0.36 wt.%–10.3 wt.% 
(ave = 4.06 wt.% ), and 0.24 wt.% – 30.10 wt.% (ave = 5.67 
wt.%), respectively (Table S1 and Table 1). The S1 values were 
0–4.70 mg HC/g rock (ave = 0.73 mg HC/g rock), 0.02–8.89 
mg HC/g rock (ave = 1.12 mg HC/g rock), and 0.01–4.31 mg 
HC/g rock (ave = 0.91 mg HC/g rock) for the FC Fm, LCG-1, 
and LCG-2 shales, respectively (Table S1 and Table 1). The S2 
values were 0.25–59.47 mg HC/g rock (ave = 4.47 mg HC/g 
rock), 0.17–75.89 mg HC/g rock (ave = 20.95 mg HC/g rock), 
and 0.25–202.56 mg HC/g rock (ave = 37.29 mg HC/g rock) 
for the FC Fm, LCG-1, and LCG-2 shales, respectively (Table 
S1 and Table 1). The TOC and S1 + S2 values suggested that 
these sediments were mostly good-to-excellent source rocks 
(Fig. 2). In Fig. 2, the TOC values of the FC, LCG-1, and LCG-
2 Fm shales are strongly positively correlated with S1 + S2, 
whereas the FC Fm shales displayed higher S1 + S2 values than 
the LCG shales do for the same TOC content.

The HI values in the FC, LCG-1, and LCG-2 shales had a 
wider distribution, ranging from 68 – 1 872 mg HC/g TOC 

Figure 1. Locality and Stratigraphic column of the Mahu and Jimusar sag in Junggar Basin. (a) Locatity of Mahu sag; (b) stratigraphic column of Mahu sag; 

(c) locatity of Jimusaer sag; (d) stratigraphic column of Jimusaer sag.

Figure 2. Plot of TOC versus S1 + S2, showing potential hydrocarbon gener‐

ative (after Waples, 1985).
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(ave = 346 mg HC/g TOC), 47–806 mg HC/g TOC (ave = 427 
mg HC/g TOC), and 56–1 417 mg HC/g TOC (ave = 540 mg 
HC/g TOC), respectively. The Tmax of the FC Fm shales was ex‐
tremely low, falling into the range of 412 – 451 ° C (ave = 
434 ° C) (Table S1); this is due to the high residual hydrocar‐
bon content. As illustrated in Fig. 3, the FC, LCG-1, and LCG-
2 shales were dominated by Type I– II kerogen, which agreed 
with the high HI values.

3.2 Aliphatic Hydrocarbons　
The total ion current (TIC), terpane m/z 191 and Sterane 

m/z 217 of gas chromatography-mass spectrometer (GC-MS) 
of saturated fraction are shown in Fig. 4. In the TIC spectrum, 
the n-alkane distribution showed a unimodal distribution pat‐
tern with a maximum peak at C25 or C27 for the LCG-1 and 
LCG-2 shales. However, the major peak carbon types of the 
FC Fm mudstone were C22 and C24 (Fig. 4). Most samples con‐
tained a high abundance of β-carotane, as illustrated in Fig. 4. 
The C30αβ hopane predominated in the hopane homologues, 
with a minor of C29 αβ hopane, Ts, Tm, and homohopanes (Fig. 
4). The distributions of sterane and diasterane detected in the 
m/z = 217 spectrum, with high abundance of C28 and C29 regu‐
lar sterane (Fig. 4)., Parameters of saturated hydrocarbons, ter‐
panes and steranes are shown in Table S2, and Table 2, respec‐
tively.

Figure 3. HI versus Tmax diagram based on rock pyrolysis of whole rock (af‐

ter Mukhopadhyay et al., 1995).

Table 1 Statistical data of the tested TOC, Rock-Eval parameters and EOM for the FC Fm, LCG-1 and LCG-2 samples

Index

TOC (wt.%)

Tmax (ºC)

S1 (mg HC/g rock)

S2 (mg HC/g rock)

HI (mg HC/g TOC)

S1 + S2 (mg HC/g rock)

PI

FC

Max

4.43

455

4.7

59.47

1872

59.84

0.53

Min

0.36

401

0.00

0.25

68

0.29

0.00

Ave

1.06

431

0.73

4.47

343

5.20

0.16

Num

135

135

135

135

135

135

135

LCG-1

Max

10.30

455

8.89

75.89

806

77.28

0.49

Min

0.36

427

0.02

0.17

47

0.33

0.00

Ave

4.06

444

1.12

20.95

427

22.07

0.08

Num

69

69

69

69

69

69

69

LCG-2

Max

30.10

457

4.31

202.56

1417

204.69

0.21

Min

0.24

436

0.01

0.25

56

0.26

0.00

Ave

5.67

447

0.91

37.29

540

38.21

0.04

Num

83

83

83

83

83

83

83

HI = S2/TOC; PI = S1/(S1 + S2); HCI = S1/TOC.

Figure 4. Mass chromatograms of FC Fm, LCG-1and LCG-2 black shales.
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3.3 Organic Petrology Characteristic　
It is displayed from organic petrology that the mudstones 

in the FC Fm and LCG Fm are dominated by sapropel (includ‐
ing algae A recognized as planktonic green algae by Xia et al. 
(2021) and algae B (lamalginite)) (Figs. 5 and 6). The parental 
material of FC Fm mudstone is primarily algae A (Figs. 5a, 5c 
and 5e), and a large amount of framboidal pyrite in the rocks 
(Figs. 5b, 5d and 5f). The algae A can be identified by the char‐
acteristics of high hydrogen concentration (Hackley et al., 
2016; Kates, 1977), low reflectance and weak brownish fluo‐
rescence. And the pyrite is evidently distinguishable for its 
high luminescence under white light. The organic matter of 
source rocks of the LCG Fm contains mainly algae A (green al‐
gae), algae B, and a mixture of vitrinite and inertinite (Fig. 6). 
The lamalginite is mainly distributed parallel to bedding and 
displays strong yellow fluorescence (Figs. 6a, 6e and 6g).

4 DISCUSSION 
4.1 Thermal Maturity　

Maturity, one of the key geochemical parameters in evalu‐
ating the hydrocarbon potential of source rocks, can frequently 
be calibrated by using parameters such as the vitrinite reflec‐
tance, Tmax, and production index (PI) (Cheng, 1994; Huang et 
al., 1984; Tissot and Welte, 1984). The PI values of shale sam‐
ples showed an increasing trend in the shales: from 0 to 0.53 
(ave = 0.16) in FC Fm, from 0 to 0.49 (ave = 0.08) in LCG-1, 

and from 0 to 0.21 (ave = 0.04) in LCG-2 (Table S1 and Table 
1). In the crossplot of PI (S1/(S1 + S2)) versus Tmax, most of the 
data points of the shale samples from LCG-1 and LCG-2 were 
in the oil window with few points in the early oil zone (Fig. 7). 
However, the FC Fm sample showed a higher PI and a lower 
Tmax (Fig. 7). This may be due to the high maturity level and 
high content of free hydrocarbons in the FC Fm source rock, 
which is consistent with the higher S1 value in FC Fm. As the 
thermal maturity level increases, the HI value decreases. It can 
be seen from Figs. 8a–8b that the HI values of the LCG Fm do 
not vary greatly with depth, while the HI of the FC Fm decreas‐
es significantly with increasing depth, indicating that the ther‐
mal maturity of the FC Fm is higher than that of the LCG Fm.

Miscellaneous maturity indicators can be used to deter‐
mine the thermal maturity level of organic matter, such as the 
CPI and OEP, hopanoids C3122S/(22S + 22R), homohopanes, 
and other similar indices (Seifert and Moldowan, 1986). The 
C3122S/(22S + 22R) homohopane and C3222S/(22S + 22R) bi‐
homohopane ratios of the study samples are at their equilibri‐
um values (0.57–0.62) (Fig. 9b) during the thermal maturation 
of organic matter (Luo et al., 2016; Peters et al., 2005), indicat‐
ing that the samples studied are almost all staged in the early 
oil window. In addition, the plot of the C29αβ/ (αβ + βα) hopane 
vs. C30αβ/ (αβ + βα) hopane also showed that the samples stud‐
ied did not reach equilibrium (0.90 – 0.95) (Fig. 9a) (Peters et 
al., 2005, George et al., 2001), indicating low thermal maturity 

Table 2 Statistical data of the δ13CEOM and aliphatic hydrocarbon parameters of the FC, LCG-1 and LCG-2 samples

Index

δ13CEOM (‰)

β-carotane/n-Cmax

Pr/Ph

Pr/n-C17

Ph/n-C18

OEP

CPI

n-C21-/n-C22+

i-C19/n-C21

Gammacerane/C30 αβ hopane

hopanes/steranes

C27/C29ααα20R sterane

C28/C29ααα20R sterane

C20TT/C23TT

C22/C21TT

C29ααα20S/(20S + 20R) sterane

C29 αββ/(αββ+ααα) sterane

C31 22S/(22S + 22R) homohopane

C32 22S/(22S + 22R) bishomohopane

C29 αβ/(αβ + βα) hopane

C30 αβ/(αβ + βα) hopane

FC

Max

-28.10

13.14

1.85

2.65

6.04

1.22

1.16

3.47

1.34

2.58

4.52

1.01

1.15

1.65

0.24

0.48

0.60

0.59

0.63

0.91

0.88

Min

-33.57

0.00

0.34

0.34

0.37

0.88

0.82

0.20

0.07

0.07

0.08

0.05

0.48

0.34

0.14

0.23

0.21

0.37

0.49

0.81

0.65

Ave

-30.25

1.96

0.75

1.39

2.05

1.08

1.04

1.07

0.52

0.57

0.48

0.21

0.70

0.74

0.20

0.42

0.42

0.55

0.58

0.88

0.82

Num

62

62

62

62

62

62

62

62

62

62

62

62

62

62

62

62

62

62

62

62

62

LCG-1

Max

-29.31

3.21

2.18

2.03

2.89

1.66

1.54

2.65

0.37

0.31

11.69

0.63

1.16

2.07

0.32

0.48

0.50

0.60

0.60

0.92

0.87

Min

-32.97

0.00

0.67

0.29

0.19

0.97

1.03

0.34

0.04

0.10

1.26

0.13

0.33

0.58

0.12

0.38

0.25

0.50

0.55

0.84

0.70

Ave

-30.42

0.67

1.14

1.12

1.31

1.18

1.18

1.11

0.19

0.19

4.88

0.25

0.65

1.31

0.15

0.44

0.32

0.58

0.58

0.89

0.80

Num

69

69

69

69

69

69

69

69

69

69

69

69

69

69

69

69

69

69

69

69

69

LCG-2

Max

-29.16

3.72

2.30

2.67

2.43

1.59

1.57

1.91

0.36

0.38

13.88

1.09

2.91

3.14

0.28

0.48

0.40

0.66

0.60

0.92

0.89

Min

-34.03

0.00

0.50

0.14

0.07

0.92

0.91

0.03

0.01

0.05

1.71

0.22

0.46

0.56

0.05

0.16

0.15

0.53

0.47

0.74

0.67

Ave

-32.18

0.30

1.25

0.79

0.62

1.22

1.22

0.83

0.09

0.16

5.30

0.51

0.91

1.47

0.12

0.37

0.22

0.58

0.55

0.85

0.80

Num

83

83

83

83

83

83

83

83

83

83

83

83

83

83

83

83

83

83

83

83

83

CPI. Carbon preference index of n-alkane = [(C25 + C27 + C29 + C31 + C33)/(C24 + C26 + C28 + C30 + C32) + (C25 + C27 + C29 + C31 + C33)/(C26 + C28 + C30 

+ C32 + C34)]/2 (after Bray and Evans, 1961); OEP. odd-even predominance of n-alkane = (C23 + 6 × C25 + C27)/(4 × C24 + 4 × C26) (after Scalan and 

Smith, 1970).
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of the samples. The LCG-2 Samples contained extraordinarily 
low ratios of C29 ααα20S/(20S + 20R) and C29 αββ/(αββ + ααα) 
sterane (Table S2 and Table 2), both of which were much lower 
than their equilibrium values, indicating low thermal maturity 
(Fig. 9c). The values of the C29 ααα20S/(20S + 20R) sterane of 
the LCG-1 and FC Fm samples were not significantly differ‐
ent, but the C29 αββ/(αββ + ααα) sterane ratios of FC Fm. were 
larger than those of LCG-1, which indicated that the C29 ααα 
20S/(20S + 20R) sterane ratios of the LCG and FC Fm samples 
reached the end of the equilibrium range before reaching their 
equilibrium values, and the FC Fm mudstone samples reached 
the mature stage. As shown in Fig. 9d, the FC Fm mudstone 
samples have a higher degree of thermal evolution than LCG-1 

and LCG-2 and have reached the mature stage, while the 
LCG-1 and LCG-2 mudstone samples were in the low-to-medi‐
um maturity stage.

The cross plot of saturated hydrocarbons indicates that the 
shale in the LCG Fm may have reached the early oil-
generation window and that in the FC Fm may have reached 
the peak oil window.

4.2 Biological Sources and Environment Analysis　
The study on the biological sources of organic matter can 

be intuitively conducted by the observation of solid organic 
matter of source rock samples (Luo et al., 2018). The source of 
organic matter in source rocks of the FC Fm is mainly plank‐

Figure 5. Photomicrographs showing algal A (green algae), oil and pyrite in the FC Fm sediments from the Junggar Basin. (a) Fluorescent light, shale; (b) the 

same scope as (a) under reflected light; (c) fluorescent light, shale; (d) same field as (c) under reflection light; (e) fluorescent light, shale; (f) same field as (e) 

under reflected light.
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tonic algae (algae A) with monotonous species (Figs. 5a, 5c 
and 5e). The organic matter is mainly sourced from ancient 
salt-tolerant green algae (Dunaliella) (Xia et al., 2021). The in‐

put of terrigenous detrital materials is extremely weak, and the 
pyrite is relatively developed (Figs. 5b, 5d and 5f), which im‐
plies that the sedimentary water column of the FC Fm is char‐

Figure 6. Photomicrographs showing algal A (green algae), algal B (lamalginite), fungus, provitrinite, inertinite and vitrinite in the LCG Fm, sediments from the 

Junggar Basin. (a) Fluorescent light, shale; (b) same field as (a) under reflected light; (c) fluorescent light, shale; (d) same field as (c) under reflected light; (e) 

blue fluorescent light, shale; (f) same scope field as (e) under reflected light; (g) blue fluorescent light, shale; (h) same scope field as (g) under reflected light.
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acterized by high salinity and reducing conditions. The green 
algae (algae A) can be observed in the LCG Fm (Figs. 6a, 6c 
and 6f). However, another source of organic matter (algae B), 
which is similar to lamalginite in the macerals observed in the 
thin sections of rocks (Liu et al., 2017), was developed in the 
LCG Fm (Fig. 6). In different LCG Fm samples, there were al‐
so evident changes in the relative enrichment of the two algae. 
For instance, algae B developed significantly in the LCG-2 
Member (Fig. 6g). At the same time, the contribution of terres‐
trial organic matter in the LCG Fm is relatively high, but the 
content of framboidal pyrite is low (Fig. 6), indicating the 
freshwater input during the depositional period of the LCG 
Fm. Comparing the organic petrological characteristics of 
source rocks from the FC and LCG Fms, the two sets of source 
rocks have certain inheritance in terms of the source of organic 
matter. The source of organic matter in the FC Fm is relatively 
stable and dominated by salt-tolerant algae. While the organic 
matter in the LCG Fm was characterized by diverse and com‐
plex sources, which was consistent with the wide range of HI 
variation in the LCG Fm.

The carbon isotopes of kerogen are mainly affected by bi‐
ological sources of organic matter and generally shows heavier 
carbon isotopes in the oil produced by humic kerogen (> 
-26‰) than that produced by sapropelic kerogen (< -28‰) 
(Borjigen et al., 2014). The δ13CEOM values range from -33.57‰ 
to -28.10‰ (ave = -30.25‰), -32.97‰ to -29.31‰ (ave = 
-30.42‰), and -34.03‰ to -29.16‰ (ave = -32.18‰) for the 
FC Fm, LCG-1, and LCG-2 shales, respectively (Table S2 and 
Table 2). The δ13CEOM < -28‰ in the studied samples revealed 
that the organic matter was derived primarily from sapropelic 
organic matter (OM), with a litter contribution from terrige‐
nous OM. This is also consistent with the high HI values. The 
carbon isotopes of organic matter are also affected by the depo‐
sition conditions and the diversity of aquatic algae; the higher 
the salinity, the higher the organic carbon isotope values (Duan 
et al., 2003). The presence of β-carotane, which is typically an 
indicator of an anoxic saline lacustrine environment (Jiang and 
Flower, 1986; Hall and Douglas, 1981), is highly abundant, as 

indicated by the values of β-carotane/n-Cmax (Luo et al., 2018) 
(Table S2 and Table 2). The FC, LCG-1, and LCG-2 shales 
contain variable β-carotane/n-Cmax ratios, falling in the range of 
0.00 – 13.14 (ave = 1.96), 0.00 – 3.21 (ave = 0.67), and 0.00 –
3.72 (ave = 0.30), respectively (Table S2 and Table 2). This 
suggests that the water salinity in FC is higher than that in the 
LCG-1 and LCG-2. In Fig. 10a, the relationship between 
δ13CEOM and β-Cartane/n-Cmax in mudstone samples from FC and 
LCG Fm shows that the range of δ13CEOM changes gradually nar‐
rowed with the increase of β-carotane/n-Cmax ratio. This demon‐
strates that during the depositional period of the LCG Fm, 
there were great variations in the salinity, which resulted in 
changes in algal types. With the increase in salinity and stabili‐
zation of sedimentary conditions in FC Fm, the type of algae 
tended to stabilize.

Figure 7. PI versus Tmax diagram based on rock pyrolysis of whole rock (af‐

ter Peters and Cassa, 1994).

Figure 8. HI versus depth of the LCG (a) and FC (b) Fms shale in Mahu and Jimusaer sags, Junggar Basin, NW China.

1033



Shiju Liu, Gang Gao, Wenzhe Gang, Baoli Xiang, Ming Wang and Chengyun Wang 

The distribution patterns of the C27, C28, and C29 regular 
steranes are closely related to the sources of different algae. 
Most shale samples have distribution patterns of ααα-20RC27 < 
C28 < C29 sterane (Fig. 4, Table S2). As seen in Fig. 10b, the ra‐
tios of the C27/C29 regular steranes and those of the C28/C29 regu‐
lar steranes of LCG-2 varied greatly, while the ratios of sam‐
ples from LCG-1 and FC Fm changed little and tended to be 
stable. This indicates that, with the increase in salinity, the al‐
gal diversity was simplified and stabilized in the source rock 
samples from LCG to FC Fm. This is consistent with the re‐
sults from organic petrological observation.

Hopanes are thought to originate from precursors in bacte‐
rial membranes (Peters et al., 2005). The hopanes/steranes ra‐
tios were considered to represent the relative contribution of 
bacteria and eukaryotes to organic matter (Summons et al., 
2006). The gammacerane content is often used to analyze wa‐
ter salinity in the sedimentary environment and the practically 
used gammacerane index (gammacerane/C30 hopane ratio) in‐
creases with the increase in water salinity (Wang, 1990; 
Moldowan et al., 1986). As shown in Fig. 10c, LCG Fm shales 
were mainly deposited in the depositional environment of anox‐
ic-dysoxic normal-to-higher salinity with a weakly stratified 
water column while the FC Fm shales were mainly deposited 
in a depositional environment with higher salinity and a strati‐
fied water column. The high abundance of hopanes and high ra‐
tios of hopanes/steranes in LCG Fm indicated that strong bacte‐
rial activity occurs during the depositional and digenetic pro‐
cesses (Fig. 10c and Table S2). However, the ratios of hopanes/
steranes in the FC Fm were lower, indicating that the bacterial 

contribution was weakened in a depositional environment with 
higher salinity. The i-C21/n-C19 ratios can be used to represent 
the relative contribution of halophilic archaea (Brassell et al., 
1981). In Fig. 10d, the contribution of halophilic archaea to the 
FC Fm was greater than that of the LCG Fm. This agrees with 
the fact the methanophilus is more developed in the depocenter 
than in the sedimentary margin of the Mahu sag by Xia et al. 
(2021).

The Ph/n-C18 versus Pr/n-C17 plot is often used to deter‐
mine the organic matter input and depositional conditions of 
source rocks (Shanmugam, 1985; Connan and Cassou, 1980). 
Figure 11a indicates that the LCG Fm shales were deposited in 
the transitional to reducing environment with algal and mixed 
organic matter, while the FC Fm shales were deposited in a dia‐
metrically different environment that was anoxic and dominat‐
ed by algal input. High C19, C20, and C21 tricyclic terpanes are 
related to organic matter of terrestrial origin (Ozcelik and Al‐
tunsy, 2005; Peters et al., 2005), and high C23 tricyclic terpane 
is associated with high marine matter contributions (Ourisson 
et al., 1982) or highly reducing marine carbonate settings (Wa‐
ples and Machihara, 1991). The FC Fm has high C22/C21 and 
low C20/C23 TT (tricyclic terpane) values (Fig. 11b, Table S2, 
Table 2), while the LCG Fm sediments have low C22/C21 and 
high C20/C23TT values, indicating high contribution of terrestri‐
al organic matter in the LCG Fm and lower salinity of sedimen‐
tary water than the FC Fm (Fig. 11b). This conclusion is also 
supported by the β-carotane/n-Cmax and gammacerane/C30 
hopane ratios. Pr/Ph ratios less than 1 indicate anoxic deposi‐
tional environments, whereas a Pr/Ph greater than 3 indicates a 

Figure 9. Cross-plots of (a) C29 αβ/(αβ + βα) hopanes versus C30 αβ/(αβ + βα) hopanes (after George et al., 2001); (b) C31 22S/(22S + 22R) homohopanes versus 

C32 22S/(22S + 22R) homohopanes (after Seifert and Moldowan, 1986); (c) C29ααα20S/(20S + 20R) sterane versus C29 αββ/(αββ + ααα) sterane (after Seifert and 

Moldowan, 1986); (d) CPI versus OEP (after Scalan and Smith, 1970) of the FC and LCG Fm shale in Mahu and Jimusaer sag, Junggar Basin, NW China.
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suboxic to oxic depositional environment (Philp, 1994; Powell 
and McKirdy, 1973). The increase in phytane (Ph) content indi‐
cated an increase in the salinity of sedimentary water and the 
input of planktonic algae (Mello et al., 1988; Shanmugam, 
1985; Connan and Cassou, 1980). In Fig. 11c, it can be ob‐
served that the LCG Fm was mainly formed in an anoxic to 
dysoxic/suboxic lacustrine depositional environment while the 
FC Fm was formed in an environment with stronger reducing 
conditions, in which the water medium was characterized by 
higher salinity and greater input of planktonic algal organic 
matter. In addition, the ratios of Pr/Ph and Ph/C18 varied widely 
from FC to LCG Fm, indicating that the sedimentary condi‐
tions changed greatly while the biological sources changed 
gradually during the depositional periods from the FC Fm to 
LCG Fm.

4.3 Organic Matter Enrichment and Hydrocarbon Poten‐
tial under the Control of Different Water Salinities　

Predecessors have conducted substantial research on the 
enrichment conditions of organic matter in the study area, espe‐
cially the influence of hydrothermal and tephra (Cao et al., 
2020). However, changes in these external conditions will 
largely affect the nature of sedimentary water body. Therefore, 
this study is mainly aimed at the influence of water salinity, 
stratification properties and terrestrial source supply on the for‐
mation of source rocks.

The average TOC contents in the shales were 1.06 wt.% 
for FC Fm, 4.06 wt.% for LCG-1 Member, and 5.67 wt.% for 
LCG-2 Member (Table 1). Although FC Fm source rocks are 
currently in a higher evolution stage, the generation and expul‐
sion of hydrocarbons by organic matter will result in lower 

Figure 11. Crossplot of (a) Pr/n-C17 versus Ph/n-C18 (after Connan and Cassou, 1980); (b) C20/C23TT versus C22/C21TT; (c) Pr/Ph versus Ph/n-C18 of the FC and 

LCG Fm shale in Mahu and Jimusaer sag, Junggar Basin, NW China.

Figure 10. Cross-plots of (a) δ13CEOM versus β-carotane/n-Cmax; (b) C28/C29 regular sterane versus C27/C29 regular sterane; (c) hopanes/steranes versus gammacer‐

ane/C30 hopane; (d) i-C21/n-C19 versus gammacerane/C30 hopane of the FC and LCG Fm shale in Mahu and Jimusaer sag, Junggar Basin, NW China.
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TOC values today. However, the comparison of TOC values 
from the two formations indicate that there are great differenc‐
es in the averages and maxima of TOC values in the two forma‐
tions, generally the organic carbon content of the FC Fm is gen‐
erally lower than that in the LCG Fm. According to organic pet‐
rological observation, the organic matter was extremely en‐
riched in the LCG Fm mudstone and the plane porosity of indi‐
vidual organic matter particle in the LCG Fm was much higher 
than that of the source rocks in the FC Fm (Figs. 5 and 6). This 
further illustrated that the organic matter in the LCG Fm is 
more enriched. As seen in Fig. 12a, as the salinity of sedimenta‐
ry water increased, the TOC content in the LCG-1 Member and 
FC Fm gradually decreased. And the degree of organic matter 
enrichment was relatively decreased (Fig. 12a). It can be seen 
from Fig. 12b that as the increase of salinity, the (S1 + S2)/TOC 
parameters of source rocks were gradually concentrated in 
high-value areas and the middle–lower (S1 + S2)/TOC ratios of 
some source rocks in the FC Fm is mainly related to the high 
degree of evolution. During the depositional period of the LCG 
Fm, Strong input of freshwater and higher plants, which pro‐
vides a large amount of nutrients and the deposition conditions 
vary greatly, resulting the propagation and diversification of al‐
gae (halophilic algae and halophobic algae) which favors the 
enrichment of organic matter (Figs. 13a and 13b). This will al‐
so lead to the strong heterogeneity of organic matter in the 
source rocks of the LCG Fm (Fig. 6 and Fig. 12a). In FC for‐
mation sedimentation process, it is characterized by weak input 
of freshwater and higher plants in arid climate and high salinity 
of sedimentary water body, the halophilic algae are well devel‐
oped (Fig. 13c). Therefore, the organic matter diversities of the 
FC Fm will be restricted, but the degree of organic matter en‐
richment was relatively more stable (Fig. 12a). Moreover, the 
source rocks in the FC Fm, with low supply of terrestrial organ‐
ic matter and primary source dominated aquatic algae, has a 
higher primary hydrocarbon-generating potential than LCG Fm 
(Fig. 2 and Fig. 12b). Under different salinity deposition condi‐
tions, the maximum (S1 + S2)/TOC values in the source rock 

samples of the LCG Fm and the FC Fm were not much differ‐
ent (Fig. 12b), indicating that both the two types of algae (al‐
gae A and algae B in Figs. 5–6) organic matter have high con‐
version rate to generate hydrocarbons. Therefore, the organic 
matter accumulation in the FC, LCG-1, and LCG-2 shales was 
controlled by different contributions of varying parental materi‐
als and sedimentary environments.

High quality source rocks are developed in different lacus‐
trine basins in China. Such as Shahejie Formation, Qinshankou 
Formation etc. A lot of work has been done on the study of or‐
ganic matter enrichment (Yin et al., 2020; Zhao et al., 2020; 
Ding et al., 2019). In this study, the organic matter enrichment 
was discussed from the relationship between environmental 
changes of source rock deposition and the development of bio‐
diversity. Aquatic organisms in sedimentary water may have 
different ecological characteristics, which may lead to the de‐
velopment and enrichment of different organisms in different 
environments. Further clarifying the sources of different organ‐
ic organisms in sedimentary rocks and their corresponding de‐
velopment environments is helpful to further deepen the mech‐
anism of organic matter enrichment.

5 CONCLUSION 
A series of experiments including TOC analysis, Rock-

Eval, stable carbon isotope analyses, and biomarker analyses 
of the FC Fm and LCG Fm were conducted to decipher geo‐
chemical parameters such as thermal maturity, biological sourc‐
es, sedimentary environments, organic matter accumulation, 
and hydrocarbon potential. The result show that the LCG Fm 
shales are generally good-to-excellent source rocks and have 
been still in the early-to-medium maturity stage. The FC Fm 
has fair-to-good source rocks with Type I – II1 kerogen favor‐
able for oil generation and in the thermally mature stage.

During the deposition of FC Fm, LCG-1 Member, and 
LCG-2 Member, the environment for the formation of source 
rocks changed first by a gradual decrease in salinity to redox to 
dysoxic/suboxic depositional conditions then to a gradually 

Figure 12. The cross diagrams of TOC versus gammacerane/C30 hopane (a) and (S1 + S2)/TOC×100 versus gammacerane/C30 hopane ratios (b) of the FC and 

LCG Fm shale in Mahu and Jimusaer sag, Junggar Basin, NW China.
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weakened water stratification, and finally resulted in a deterio‐
ration of the stability of depositional conditions.

The biomarker composition indicate that the mudstone of 
the FC Fm mainly formed in a high salinity and strong reduc‐
tion sedimentary environment. The biogenic precursor was 
mainly planktonic algae and salt-tolerant archaea. With low sa‐
linity and frequent changes in the sedimentary conditions, the 
development of algal diversity, terrestrial organism and the con‐
tribution of bacteria increased in the LCG Fm.

The organic matter in the FC Fm mudstone was monoto‐
nously sourced that the degree of organic matter enrichment is 
weaker than that in the LCG Fm. But the FC Fm mudstone is 
homogenous and have higher primary hydrocarbon-generating 
potential.
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