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A B S T R A C T   

The Permian Pingdiquan Formation (P2p) in Shishugou Sag, Junggar Basin, Northwest China, is a typical 
example of mixed sedimentary strata formed in a saline lacustrine environment, characterized by complex 
lithological assemblages and extensive distribution of organic-rich source rocks. To further investigate the dif
ferences in oil-source contribution and hydrocarbon generation characteristics of source rocks with different 
lithologies, studying the difference of their geochemical characteristics and the formation mechanism of organic- 
rich source rocks is the top priority. Based on a comprehensive analysis of lithologic types, geochemical char
acteristics, and hydrocarbon generation potential of source rocks using organic petrology, molecular geochem
istry and element geochemistry, this paper reveals the formation background and organic matter enrichment 
mechanism of the P2p organic-rich source rocks. The results show that the mixed sedimentary rocks of the P2p 
were deposited under relatively arid and saline lacustrine conditions. Paleoclimatic conditions tended to be more 
arid and hydrothermal activity became more frequent during the sedimentation process from mudstone, dolo
mitic mudstone to argillaceous dolomite. Consequently, the water column salinity elevated, leading to an 
increased proportion of salt-tolerant green algae and slight salt-tolerant cyanobacteria compared to salt- 
intolerant algae. Frequent changes in paleoclimate and hydrothermal activity control the interbedding deposi
tion of mudstone, dolomitic mudstone and argillaceous dolomite, and the resulting salinity fluctuations 
contribute to variations in the proportion of salt-tolerant and intolerant algae in source rocks with different li
thologies. Furthermore, the source rocks within the mixed sedimentary strata (mudstone, dolomitic mudstone 
and argillaceous dolomite) all exhibit substantial hydrocarbon generation potential, and there exists heteroge
neity among source rocks of the same lithology. The key factor influencing the development of these organic-rich 
source rocks is the enhancement of palaeoproductivity driven by volcanic activity. Additionally, the water 
stratification caused by saline water promotes anoxic water columns, also contributing to organic matter 
enrichment in the source rocks.   

1. Introduction 

Mixed sedimentation refers to a distinctive sedimentary phenome
non where different types of sediments (such as terrigenous clastic and 

carbonate materials) are intermingled within the same depositional 
environment, which can occur in both marine and continental settings 
(Mount, 1984; Davis et al., 2003; Xia et al., 2019). Coastal and shallow 
marine sedimentary environments favor the development of mixed 

* Corresponding author at: State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum (Beijing), Beijing 102249, China. 
E-mail address: zhangzh3996@vip.163.com (Z. Zhang).  

Contents lists available at ScienceDirect 

International Journal of Coal Geology 

journal homepage: www.elsevier.com/locate/coal 

https://doi.org/10.1016/j.coal.2024.104508 
Received 19 October 2023; Received in revised form 26 March 2024; Accepted 8 April 2024   

mailto:zhangzh3996@vip.163.com
www.sciencedirect.com/science/journal/01665162
https://www.elsevier.com/locate/coal
https://doi.org/10.1016/j.coal.2024.104508
https://doi.org/10.1016/j.coal.2024.104508
https://doi.org/10.1016/j.coal.2024.104508
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coal.2024.104508&domain=pdf


International Journal of Coal Geology 287 (2024) 104508

2

sediments, while in continental sedimentary environments, it is chal
lenging to develop mixed sediments except in saline lake environments 
(Mount, 1984; Dorsey and Kidwell, 1999; Feng et al., 2013). In recent 
years, with the increasing focus on unconventional oil and gas explo
ration, it has been demonstrated that mixed sedimentary strata play a 
significant role in the enrichment of unconventional hydrocarbon re
sources (Zou et al., 2013; Katz and Lin, 2014; Wu et al., 2016; Hu et al., 
2018b; Zhang et al., 2019b). Consequently, the study of mixed sedi
mentary strata holds immense significance for the exploration and 
development of unconventional oil and gas resources. However, the 
majority of current research primarily focuses on mixed sediments in 
marine environments, while studies on source rocks within mixed 
sedimentary strata in continental saline lake environments remain 
relatively limited (Vandeginste et al., 2009; Warren, 2010; Xiao et al., 
2020; Jiang et al., 2021; Song et al., 2021; Xiao et al., 2021; Rodrigues 
et al., 2022). 

Previous studies have demonstrated the presence of abundant un
conventional oil and gas resources associated with mixed sedimentation 
in numerous saline lake basins across China, including the Permian 
Lucaogou Formation in Jimusar Sag and Santanghu Basin (Wu et al., 
2016; Pan et al., 2021), the Paleogene Funing Formation in Subei Basin 
(Liu et al., 2020), the Paleogene Xingouzui Formation in Jianghan Basin 
(Li et al., 2015), and the Paleogene Hetaoyuan Formation in Nanxiang 
Basin (Xia et al., 2019). The mixed sedimentary rocks formed in these 
saline lake basins exhibit significant hydrocarbon generation potential, 
serving as the fundamental oil source material for the formation of large- 
scale oil and gas fields as well as unconventional oil and gas resources 
(Liu et al., 2017; Hou et al., 2017; Song et al., 2019; Song et al., 2021; 
Chang et al., 2023). The formation of organic-rich source rocks in mixed 
sedimentary strata is typically closely linked to paleoproductivity, 
organic matter preservation conditions, and paleoclimate conditions 
(Pan et al., 2020; Tang et al., 2020; Song et al., 2021; Meng et al., 2022), 
and generally exhibits the following common characteristics. Firstly, the 
relatively arid paleoclimate conditions play an essential role in the 
development of saline lake basins, facilitating the formation of mixed 
sedimentary strata. Secondly, the paleoproductivity and organic matter 
preservation conditions generally influence the organic matter enrich
ment in source rocks (Eugster and Hardie, 1978; Katz, 2005; Hu et al., 
2018a; Xie et al., 2021; Zeng et al., 2023b). However, the geochemical 
characteristics and formation mechanisms of organic-rich source rocks 
in mixed sedimentary strata across different basins may exhibit signifi
cant variations (Hu et al., 2018a; Xia et al., 2019; Pan et al., 2020; Li 
et al., 2021; Tao et al., 2022). 

Compared to the Jianghan Basin and Nanxiang Basin, the mixed 
sedimentary rocks of the Permian Pingdiquan Formation (P2p) in the 
Shishugou Sag exhibit distinct uniqueness and complexity. The source 
rock is mainly characterized by mudstone, dolomitic mudstone and 
argillaceous dolomite formed against a background of volcano- 
hydrothermal activities (Li et al., 2021; Fan et al., 2021). The source 
rocks of the mixed sedimentary strata of the P2p in Shishugou Sag have 
high hydrocarbon generation potential with the highest TOC reaching 
up to 11.12%, and the source of organic matter is mainly aquatic or
ganisms such as algae (Zeng et al., 2023a). Therefore, it is a set of 
organic-rich mixed sedimentary rocks formed in saline lake basins and 
influenced by volcano-hydrothermal activities (Li et al., 2021; Fan et al., 
2021; Zeng et al., 2023a). Currently, the lithological characteristics and 
formation mechanisms of organic-rich source rocks in the mixed sedi
mentary strata of continental saline lake basins remain unclear, and 
there are still unresolved issues in related research (Palermo et al., 2008; 
Liu et al., 2017; Li et al., 2021). For instance, the impact of salinity on 
algal growth or algal population diversity in lake basins controlled by 
paleoclimate conditions remains unclear. Furthermore, most studies 
treat mudstone, dolomitic mudstone and argillaceous dolomite as a 
whole, without adequately acknowledging the variations in formation 
mechanisms among source rocks with different lithologies (Palermo 
et al., 2008; Feng et al., 2013; Liu et al., 2017; Li et al., 2021; Jiang et al., 

2021). This has limited the exploration progress of unconventional oil 
and gas associated with mixed sedimentation. Therefore, further 
investigation into the formation mechanism of organic-rich mixed 
sedimentary rocks of the P2p is imperative. 

This study employed a comprehensive approach combining miner
alogy, organic petrology, molecular geochemistry and inorganic 
geochemistry to systematically investigate the sedimentary environ
ment and source of organic matter of the P2p mixed sedimentary rocks in 
the Shishugou Sag. The primary objective of this study is to elucidate the 
differences in the formation environment of the source rocks with 
varying lithologies within the mixed sedimentary strata in the study 
area, and to reveal the formation mechanisms and main controlling 
factors of the organic-rich source rocks. The research findings will serve 
as a crucial foundation for subsequent oil and gas exploration and 
development in the Shishugou Sag, while also enhancing comprehen
sion of the formation mechanism of organic-rich source rocks in mixed 
sedimentary strata found in saline lake basins. 

2. Geological setting 

The Junggar Basin, located in northwest China, is a superimposed 
basin with abundant oil and gas resources (Fig. 1a) (Xiang et al., 2015; 
Tao et al., 2016; Yu et al., 2017). The eastern uplift belt of the Junggar 
Basin is located between Kelameili mountain and Bogda mountain, with 
an approximate area of 3 × 104 km2. The Kelameili mountain subducted 
northward during the Late Early Devonian and subsequently closed in 
the Early Carboniferous, resulting in the formation of a foreland basin. 
During the Middle Permian, the eastern region of the Junggar Basin 
experienced post-orogenic stress relaxation, forming multiple deposi
tional centers located between the Kelamili and Bogda mountains. 
Additionally, the Shaqi uplift in the middle section acted as a barrier, 
separating various north-south depressions. During the Indonesian, 
Yanshan and Himalayan orogenies, the NE-SE compressive stress exer
ted significant influence on fault activity, resulting in the development 
of major fault systems controlling structural belts and local structures, 
ultimately leading to the formation of the current “checkerboard” tec
tonic pattern characterized by alternating depressions and uplifts (Luo 
et al., 2007; Xiao et al., 2008). The Shishugou Sag is located in the 
northwestern region of the “checkerboard” tectonic pattern, adjacent to 
the Shazhang fault-fold belt towards the west, Huangcaohu uplift to
wards the east, Kelameili mountain towards the north, and Shaqi uplift 
towards the south (Fig. 1b, c). 

The sedimentary strata in the Shishugou Sag are arranged in a 
sequence from bottom to top, including Carboniferous, Permian, 
Triassic, Jurassic, and Cretaceous (Fig. 1d). The Permian system in the 
Shishugou Sag comprises the Middle Permian Jiangjunmiao Formation 
(P2j), the Middle Permian Pingdiquan Formation (P2p), and the Upper 
Permian Wutonggou Formation(P3wt). From bottom to top, the P2p is 
subdivided into three members (P2p1, P2p2, and P2p3). According to 
previous studies, P2p1 and P2p2 of the Shishugou Sag exhibit high 
organic matter abundance (TOC > 2.0%) of source rocks. Moreover, the 
stratas have relatively better reservoir properties and oiliness due to its 
high dolomite content (Zhang et al., 2021). Therefore, based on the 
organic matter abundance of source rocks, reservoir characteristics, and 
oiliness, the P2p1 and P2p2 are considered the “sweet spot” of the P2p in 
Shishugou Sag and are the target layer of this study. The “sweet spot” of 
the P2p exhibits a consistent thickness distribution ranging from 50 to 
100 m (Fig. 1d) (Zhang et al., 2021). The unit was deposited in saline 
shallow and semi-deep lake environments, serving as the development 
layer for organic-rich source rocks within the P2p. The lithology of the 
source rock is characterized by a complex mixture of terrigenous clastic 
and carbonate materials. In addition, the P2p3 exhibits large strati
graphic thickness and was deposited in a regional shallow lacustrine 
environment, while displaying a significantly low organic matter 
abundance in the source rock. 
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3. Samples and methods 

In this study, all core samples were selected from Members 1 and 2 of 
the Middle Permian Pingdiquan Formation (P2p) obtained from four 
wells in Shishugou Sag (Fig. 1c), including 24 mudstones, 19 dolomitic 
mudstones and 12 argillous dolomites. All samples underwent Rock-Eval 
pyrolysis, total organic carbon (TOC) and XRD (X-ray diffraction) 
analysis. Furthermore, a subset of samples were selected for organic 
petrographic analysis, gas chromatography–mass spectrometry 
(GC–MS) of saturated hydrocarbon and elemental analysis. The element 
geochemistry analysis was conducted at the Analytical Laboratory of the 
Beijing Research Institute of Uranium Geology, China. Other experi
ments were carried out at the State Key Laboratory of Petroleum Re
sources and Prospecting at the China University of Petroleum (Beijing). 

3.1. X-ray diffraction 

Before to conducting the XRD measurements, samples were pulver
ized to a particle size of − 200 mesh and subjected to analysis using a 
Bruker D8 Focus X-ray diffractometer in accordance with the Chinese oil 
and natural gas industry standard SY/T 5163–2018. The experimental 
conditions were maintained at 24 ◦C and relative humidity at 35%. 
During the experiment, each scan was performed from 5◦ to 65◦2θ, with 
a step size of 0.02◦ and a rate of 2.0◦/min. The X-ray source is Cu-Kα 
radiation. The quantitative analysis of the mineral composition of each 
powder sample is carried out by using MDI Jade X-ray Diffraction 
software. 

3.2. Bulk geochemistry 

The TOC was tested by a LECO CS-230 instrument. The sample was 
subjected to pretreatment using a dilute hydrochloric acid solution (5%) 

Fig. 1. Structure location map and stratigraphic column of the Shishugou Sag, Junggar Basin (Zhang et al., 2021). (a) Location of the Junggar Basin in China; (b) 
Location of the Shishugou Sag in Junggar Basin; (c) Tectonic units of the Shishugou Sag with the location of the sampling well (orange rectangle); (d) Stratigraphy of 
the Pingdiquan Formation in the Shishugou Sag. 
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in order to eliminate the presence of inorganic carbon. Rock-Eval py
rolysis was analyzed using a Rock-Eval 6 pyrolysis instrument, which 
heated at 300 ◦C for 3 min and gradually increased to 650 ◦C for 14 min. 
These two experiments followed the Chinese National Standard GB/ 
T19145–2022 and GB/T18602–2016, respectively. 

3.3. Maceral and vitrinite reflectance analysis 

The organic petrography analysis was conducted using a Leica DM 
4500P microscope, enabling oil immersion ×50 objective observation 
and statistical analysis under both reflected ‘white’ light and UV (ul
traviolet) light to determine the maceral composition. To ensure 
experimental accuracy, each sample measurement included at least 500 
points. Vitrinite reflectance (Ro) was determined using a micropho
tometer (MV-SP), with at least 50 measurements taken for each sample. 

3.4. Molecular biomarkers analysis 

The saturated hydrocarbon fractions were analyzed using an Agilent 
6890 Gas Chromatograph (GC) equipped with the HP-5MS column and 
linked with an Agilent 5975i Mass Spectrometer (MS), according to 
Chinese National Standard GB/T 18606–2017. The temperature 
gradient heating method ranged from 50 to 310 ◦C, with a heating rate 
of 4 ◦C/min. Each sample underwent testing for approximately 70 min. 

3.5. Major oxides and trace elemental (ICP-MS) analyses 

Major oxides were analyzed using an Axios-mAX X-ray fluorescence 
(XRF) spectrometer according to Chinese National Standard GB/T 
14506.28–2010. The trace elements were analyzed using inductively 
coupled plasma mass spectrometry (ICP-MS) following the Chinese 
National Standard GB/T 14506.30–2010. The dried samples were dis
solved in a mixture of 30% HF and 68% HNO3 in capped Teflon bombs at 
150 ◦C for 48 h. Subsequently, the residual material was treated with 2 
ml of concentrated nitric acid, followed by dissolution in a 50 ml solu
tion using 5% diluted nitric acid. The precision and accuracy of the ICP- 
MS and X-ray fluorescence data are reported by Cullen et al. (2001), 
Qian et al. (2009), Wu et al. (2010) and Roser et al. (1995). 

4. Results 

4.1. Mineralogical characteristics 

The XRD analysis reveals that the mixed sedimentary rocks of the P2p 
in Shishugou Sag predominantly consist of quartz (5–45%, avg. 
25.42%), plagioclase (9–54%, avg. 27.65%), dolomite (2–75%, avg. 
30.31%) and clay minerals (1–33%, avg. 9.56%), with relatively low 
content of potassium feldspar (0–14%, avg. 2.44%), calcite (0–5%, avg. 

0.29%), siderite (0–8%, avg. 1.93%), pyrite (0–5%, avg. 0.82%) and 
analcite (0–14%, avg. 1.58%) (Table 1). The constituent of carbonate 
minerals is mainly dolomite, with a minor presence of calcite. Addi
tionally, the mineral composition of source rocks shows significant 
variations across different lithologies. The dolomite content (avg. 
11.71%, avg. 34.11%, avg. 61.50%) progressively increases in 
mudstone, dolomitic mudstone and argillaceous dolomite. Whereas the 
average content of clay minerals (avg. 12.21%, avg. 9.42%, avg. 4.50%), 
quartz (avg. 33.88%, avg. 21.84%, avg. 14.17%) and plagioclase (avg. 
34.08%, avg. 27.63%, avg. 14.83%) decreases successively for these li
thologies (Table 1). 

4.2. Total organic carbon content and programmed temperature pyrolysis 
data 

The sedimentary strata of the P2p in the study area consist primarily 
of mudstone, dolomitic mudstone and argillaceous dolomite, with 
abundant organic-rich source rocks present within these lithologies. 
Most samples have TOC and S1 + S2 values exceeding 1.0% and 5.0 mg/ 
g, respectively (Table 2), and the source rock quality, based on organic 
matter abundance, within these mixed sedimentary rocks ranges from 
good to excellent (Fig. 2a). The TOC values of mudstone, dolomitic 
mudstone and argillaceous dolomite are 0.79–12.04% (avg. 5.33%), 
0.51–9.67% (avg. 4.92%), 1.24–9.66% (avg. 5.23%), respectively 
(Table 2), and the S1 + S2 values are 3.33–92.12 mg/g (avg. 34.34 mg/ 
g), 1.97–66.59 mg/g (avg. 30.12 mg/g), 6.65–77.35 mg/g (avg.34.72 
mg/g), respectively (Table 2). 

The hydrogen index (HI), which indicates the hydrocarbon genera
tion potential, shows no significant differences among the different li
thologies (Fig. 2b). The HI values of mudstone, dolomitic mudstone and 
argillaceous dolomite are 335–809 mg HC/g TOC (avg. 552 mg HC/g 
TOC), 311–825 mg HC/g TOC (avg. 541 mg HC/g TOC) and 341–787 
mg HC/g TOC (avg. 559 mg HC/g TOC), respectively (Table 2). Ac
cording to the results of pyrolysis data analysis, the kerogen of most 
source rocks is type I-II1 (Fig. 2b). 

The source rocks of the P2p fall into the low mature to mature stage 
(Fig. 2b). It is worth noting, however, that Tmax for lacustrine OM, 
particularly very hydrogen rich OM derived from algae, often has a 
higher Tmax value at very low maturities than similarly oil prone and 
immature marine source rocks. For example, the Tmax values for fully 
immature oil shales of the Green River Formation regularly approach 
440 ◦C (Horsfield et al., 1994). Therefore, through a comprehensive 
analysis of vitrinite reflectance in “4.3. Maceral composition” and 
biomarker parameters in “4.4. Biomarker compound characteristics”, we 
concluded that the P2p source rocks predominantly in the low maturity 
stage. 

In summary, the mudstone, dolomitic mudstone and argillaceous 
dolomite of the P2p have high organic matter abundance and mainly 

Table 1 
Mineral composition of source rock samples from the P2p, Shishugou Sag, Junggar Basin.  

Lithology Statistical value Clay Quartz Potash feldspar Plagioclase Calcite Dolomite Siderite Pyrite Analcite 

(%) (%) (%) (%) (%) (%) (%) (%) (%) 

Mudstone 
(N = 24) 

Minimum 4 22 0 17 0 2 0 0 0 
Maximum 25 45 14 54 3 22 8 5 14 
Mean 12.21 33.88 2.58 34.08 0.13 11.71 2.13 1.00 2.29 

Dolomitic mudstone 
(N = 19) 

Minimum 3 10 0 10 0 26 0 0 0 
Maximum 33 39 12 40 5 45 6 3 9 
Mean 9.42 21.84 3.05 27.63 0.32 34.11 1.63 0.63 1.37 

Argillaceous dolomite 
(N = 12) 

Minimum 1 5 0 9 0 53 0 0 0 
Maximum 16 25 5 23 3 75 8 4 2 
Mean 4.50 14.17 1.17 14.83 0.58 61.50 2.00 0.75 0.50 

All samples 
(N = 55) 

Minimum 1 5 0 9 0 2 0 0 0 
Maximum 33 45 14 54 5 75 8 5 14 
Mean 9.56 25.42 2.44 27.65 0.29 30.31 1.93 0.82 1.58 

“N” is the number of source rock samples. 
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contain type I-II1 kerogen within the thermally low mature zone. The 
above experimental data (Table 2 and Fig. 2a) also indicates that while 
there is minimal variation in the average organic matter abundance 
among source rocks with different lithologies, there exists evident het
erogeneity in the organic matter abundance within source rocks of the 
same lithology. 

4.3. Maceral composition 

Abundant organic macerals, including varying proportions of vitri
nite, liptinite and inertinite, are observed in the microscopic photos of 
the P2p mixed sedimentary rocks in the study area (Table 2; Fig. 3). The 
liptinite of the P2p source rocks mainly consists of telalginite, lamal
ginite and sporinite, with a particularly minimal presence of cutinite, 
resinite, suberinite and exsudatinite. To discuss the origin of organic 
matter more clearly and accurately, the organic maceral is classified into 
two distinct categories: endogenous OM and terrigenous OM. Among 
them, the endogenous OM mainly includes telalginite and lamalginite, 
indicating the source of aquatic organic matter in the lake basin (Xie 
et al., 2014; Pickel et al., 2017). The terrigenous OM comprises spor
inite, vitrinite and inertinite, representing the sources of terrestrial 
higher plant organic matter (Xie et al., 2014; Pickel et al., 2017; ICCP, 
1998, 2001). 

The average content of endogenous OM (47.62–94.59 vol%, avg. 
73.60 vol%) in the P2p source rocks is significantly higher than that of 
terrigenous OM (5.41–52.38 vol%, avg. 26.40 vol%), and there is no 
significant variation observed in the composition of endogenous OM 
among different lithologies. The content of endogenous OM in 
mudstone, dolomitic mudstone and argillaceous dolomite (47.62–94.59 
vol%, avg. 74.99 vol%; 61.28–86.78 vol%, avg. 74.17 vol%; 
51.56–89.14 vol%; avg. 70.41 vol%) is higher than that of terrigenous 
OM (5.41–52.38 vol%; avg. 25.01 vol%; 13.22–38.72 vol%, avg. 25.83 
vol%; 10.86–48.44 vol%, avg. 29.60 vol%), respectively (Table 2). The 
data demonstrates that endogenous OM constitutes the primary 
component of source rock organic matter. Furthermore, although there 
is no significant disparity in the average relative content of organic 
macerals among source rocks with different lithologies, a substantial 
variation exists in the distribution range of endogenous OM and 
terrigenous OM within source rocks of the same lithology. 

The alginite of the P2p source rocks predominantly consists of 
lamalginite with strong yellow-green fluorescence (Fig. 3b), while the 
telalginite is less abundant and shows strong yellow-green fluorescence 
(Fig. 3d). The sporinite is observed as slender strips with smooth mar
gins, typically occurring individually with yellow-light yellow fluores
cence (Fig. 3b, d). The vitrinite particles are small and irregularly shaped 
(Fig. 3a, c). It can be observed that vitrinite is within numerous pyrite 

Table 2 
Total organic carbon, Rock-Eval pyrolysis and organic maceral data of source rock samples from the P2p, Shishugou Sag, Junggar Basin.  

Lithology Statistical value TOC S1 S2 S1 + S2 HI Tmax Ro Endogenous OM Terrigenous OM 

Mudstone 
(N = 24) 

Minimum 0.79 0.21 3.12 3.33 334.63 428 0.66 47.62 5.41 
Maximum 12.04 6.59 85.90 92.12 808.81 450 0.78 94.59 52.38 
Mean 5.33 2.83 31.51 34.34 551.69 442 0.72 74.99 25.01 

Dolomitic mudstone 
(N = 19) 

Minimum 0.51 0.17 1.70 1.97 310.98 430 0.66 61.28 13.22 
Maximum 9.67 5.22 61.48 66.59 824.68 448 0.78 86.78 38.72 
Mean 4.92 1.98 28.14 30.12 540.62 441 0.72 74.17 25.83 

Argillaceous dolomite 
(N = 12) 

Minimum 1.24 1.23 5.42 6.65 340.51 433 0.65 51.56 10.86 
Maximum 9.66 5.22 76.03 77.35 787.06 452 0.76 89.14 48.44 
Mean 5.23 2.71 32.01 34.72 558.92 440 0.71 70.41 29.60 

All samples 
(N = 55) 

Minimum 0.51 0.17 1.70 1.97 310.98 428 0.65 47.62 5.41 
Maximum 12.04 6.59 85.90 92.12 824.68 452 0.78 94.59 52.38 
Mean 5.17 2.51 30.45 32.96 549.44 441 0.72 73.60 26.40 

“N” is the number of source rock samples. 1. TOC: total organic carbon (wt%); 2. S1: free hydrocarbons (mg HC/g rock); 3. S2: hydrocarbons generated during Rock Eval 
pyrolysis (mg HC/g rock); 4. S1 + S2: generative potential (mg HC/g rock); 5. HI: hydrogen index = (S2/TOC) × 100, (mg HC/g TOC); 6. Tmax = temperature with 
maximum hydrocarbon generation (◦C); 7. Ro: vitrinite reflectance (%); 8. Endogenous OM: endogenous organic maceral includes lamalginite and telalginite, vol%, 
mmf; 9. Terrigenous OM: terrigenous organic maceral includes sporinite, vitrinite and inertinite, vol%, mmf. 

Fig. 2. (a) The crossplots of TOC versus (S1 + S2) of source rock samples from the P2p, Shishugou Sag, Junggar Basin (according to Peters and Cassa, 1994); (b) The 
crossplot of Tmax versus hydrogen index of source rock samples from the P2p, Shishugou Sag, Junggar Basin (according to Peters and Cassa, 1994). 
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particles in some samples (Fig. 3e, f), indicating well-preserved terrig
enous organic matter deposited in a reducing water column. Under re
flected white light, vitrinite occurs as gray or dark gray (Fig. 3a, c, e, f), 
while inertinite occurs as bright dispersed particles in the mineral matrix 
(Fig. 3a, c, e). The vitinite reflectance of the P2p source rocks ranges 
from 0.65 to 0.78% (avg. 0.72%), reflecting an early stage of maturity 
(Table 2). 

4.4. Biomarker compound characteristics 

4.4.1. Normal alkanes, isoprenoids 
The P2p source rocks primarily contain short-chain n-alkanes, with 

the highest abundance in the range of n-C19 to n-C23 (Fig. 4a, b, c). The 
values of the carbon preference index (CPI) range from 1.09 to 1.48 
(avg. 1.25), and the ratios of ΣnC21

− /ΣnC22
+ range from 0.60 to 1.95 with 

an average of 1.12 (Table 3). All source rock samples contain abundant 
pristane (Pr) and phytane (Ph). The ratios of Pr/Ph range from 0.95 to 
1.95 (avg. 1.40), exhibiting minimal variation among source rocks with 
different lithologies (Table 3). 

4.4.2. β–carotane 
Abundant β-carotane was detected in the majority of source rock 

samples (Table 3, Fig. 4a, b, c). Furthermore, there is a significant 
variation in the β-carotane index (100 × β–carotane/17α 21β C30 

hopane) among source rocks with different lithologies. The β-carotane 
index of mudstone, dolomitic mudstone and argillaceous dolomite range 
from 0.04 to 0.50 (avg. 0.29), 0.17 to 0.68 (avg. 0.42) and 0.39 to 0.75 
(avg. 0.57), respectively (Table 3). 

4.4.3. Pentacyclic triterpane 
The distribution characteristics of hopanes in source rocks exhibit 

similarity, with C29-C30 hopanes being the predominant compounds and 
the relative abundance of C31 to C35 homohopanes decreases progres
sively (Fig. 4d, e, f). The difference in pentacyclic triterpenes among 
source rocks with different lithology is primarily reflected in the gam
macerane index (gammacerane/17α21βC30 hopane). The gammacerane 
index of mudstone (0.05 to 0.26, avg. 0.15), dolomitic mudstone (0.20 
to 0.41, avg. 0.26) and argillaceous dolomite (0.35 to 0.48, avg. 0.41) 
increased successively (Table 3). The maturity parameters 22S/(22S +
22R) C31 hopanes of all samples range from 0.55 to 0.59 (Table 3), are 
approaching the isomerization equilibrium endpoint. 

4.4.4. Steranes 
The relative abundance distribution characteristics of C27, C28 and 

C29 regular steranes can indicate the source of organic matter (Volkman, 
1986; Bechtel et al., 2012). The relative abundance of C27, C28 and C29 
regular steranes in most source rocks of the P2p shows an increasing 
trend, with variations observed among source rocks with different 

Fig. 3. Representative maceral Photomicrographs of source rock samples from the P2p, Shishugou Sag, Junggar Basin. (a-b) inertinite, vitrinite, lamalginite and 
sporinite, under reflected ‘white’ light and UV light; (c-d) inertinite, telalginite and sporinite, under reflected ‘white’ light and UV light; (e-f) pyrite, vitrinite and 
inertinite, under reflected ‘white’ light and UV light. 
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lithologies. The relative abundance of C27 regular steranes decreases 
successively in mudstone (16.86 to 38.10%, avg. 26.73%), dolomitic 
mudstone (9.18 to 22.87%, avg. 15.49%) and argillaceous dolomite 
(5.14 to 14.35%, avg. 9.52%). Conversely, the relative abundance of C29 
regular steranes increases successively in mudstone (36.99 to 47.57%, 
avg. 43.82%), dolomitic mudstone (42.45 to 53.25%, avg. 47.56%) and 
argillaceous dolomite (47.79 to 57.79%, avg. 53.82%) (Table 3). These 

characteristics suggest that the relative organism composition of source 
rocks with different lithologies is different. Additionally, the 20S/(20S 
+ 20R) isomerization ratio of C29 regular steranes varies between 0.26 
and 0.50 (avg. 0.42). The ββ/(ββ + αα) isomerization ratio of the C29 
regular steranes ranges from 0.20 to 0.42 (avg. 0.30) (Table 3). The 
maturity parameters mentioned above follow the thermal evolution 
stage depicted in Fig. 2b. 

Fig. 4. Gas chromatograms and mass spectrograms of mudstone, dolomite mudstone and argillaceous dolomite of the P2p, Shishugou Sag, Junggar Basin. Note: Pr =
Pristane; Ph = Phytane; Ts = 18α(H),21β(H)-22,29,30-trisnorneohopane; Tm = 17α(H),21β(H)-22,29,30-trisnorhopane; H = Hopane; Gam. = Gammacerane; ST 
= Sterane. 

Table 3 
The main parameters of saturated biomarker of source rock samples from the P2p, Shishugou Sag, Junggar Basin.  

Parameters Mudstone (N = 15) Dolomitic mudstone (N = 10) Argillaceous dolomite (N = 5) All samples (N = 30) 

Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean 

CPI 1.09 1.48 1.27 1.15 1.33 1.22 1.15 1.47 1.26 1.09 1.48 1.25 
ΣnC21

− /ΣnC22
+ 0.60 1.95 1.13 0.69 1.37 1.11 0.78 1.58 1.10 0.60 1.95 1.12 

Pr/nC17 0.40 2.80 1.19 0.37 2.20 1.20 1.47 2.93 1.97 0.37 2.93 1.32 
Ph/nC18 0.23 2.21 0.94 0.19 2.19 1.00 1.13 2.83 1.65 0.19 2.83 1.08 
Pr/Ph 1.04 1.95 1.39 0.95 1.75 1.38 1.21 1.73 1.49 0.95 1.95 1.40 
β–carotane index 0.04 0.50 0.29 0.17 0.68 0.42 0.39 0.75 0.57 0.04 0.75 0.38 
Gammacerane index 0.05 0.26 0.15 0.20 0.41 0.26 0.35 0.48 0.41 0.05 0.48 0.23 
22S/(22S + 22R) C31 hopanes 0.55 0.59 0.57 0.57 0.59 0.58 0.57 0.59 0.58 0.55 0.59 0.58 
C27 regular steranes (%) 16.86 38.10 26.73 9.18 22.87 15.49 5.14 14.35 9.52 5.14 38.10 20.12 
C28 regular steranes (%) 20.92 38.42 29.59 31.07 42.70 36.95 33.67 42.60 36.66 20.92 42.70 33.22 
C29 regular steranes (%) 36.99 47.57 43.82 42.45 53.25 47.56 47.79 57.79 53.82 36.99 57.79 46.73 
20S/(20S + 20R) C29 steranes 0.26 0.50 0.42 0.28 0.47 0.43 0.29 0.48 0.41 0.26 0.50 0.42 
ββ/(αα + ββ) C29 steranes 0.20 0.42 0.30 0.21 0.42 0.31 0.20 0.37 0.29 0.20 0.42 0.30 

“N” is the number of source rock samples. CPI (Scalan and Smith, 1970); β–carotene index = 100 × (β–carotane/17α 21β C30 hopane) (Martins et al., 2020); Gam
macerane index = gammacerane/17α 21β C30 hopane (Moldowan et al., 1985; Sinninghe Damsté et al., 1995); C27 regular steranes = C27/(C27 + C28 + C29) regular 
steranes (%); C28 regular steranes = C28/(C27 + C28 + C29) regular steranes (%); C29 regular steranes = C29/(C27 + C28 + C29) regular steranes (%). 
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4.5. Major and trace elements 

The major elements, predominantly SiO2, Al2O3, CaO and MgO, 
constituted a significant proportion in all samples, with an average of 
52.84%, 10.85%, 11.85% and 9.27%, respectively (Table 4). It is note
worthy that the content of MgO progressively increased in mudstone, 
dolomitic mudstone and argillaceous dolomite, with ranges of 2.04 to 
8.71% (avg. 4.55), 6.99 to 14.52% (avg. 9.33) and 12.62 to 20.01% 
(avg. 15.95%), respectively (Table 4). In addition, the ratios of certain 
trace elements exhibit significant variations among source rocks with 
different lithologies, encompassing the C value, Sr/Cu, Rb/Sr, Sr/Ba, Li/ 
Al and Cr/Zr ratios. Among these parameters, the C value is defined as C 
value = Σ(Fe + Mn + Cr + Ni + V + Co)/Σ(Ca + Mg + Sr + Ba + K + Na) 
(Zhao et al., 2007; Moradi et al., 2016; Zhang et al., 2020). Compared to 
dolomitic mudstone and argillaceous dolomite, the mudstone exhibits 
significantly lower Sr/Cu, Sr/Ba, Li/Al and Cr/Zr ratios while displaying 
higher C values and Rb/Sr ratios (Table 4). The ratios of certain trace 
elements display discernible variations among source rocks with 
different lithologies, suggesting distinct sedimentary environments 
during their formation. 

5. Discussion 

5.1. Depositional environment analysis 

5.1.1. Palaeoclimate 
Sr is known to preferentially accumulate in association with arid 

conditions whereas Cu is usually concentrated under humid conditions, 
and Rb is known to be relatively stable during continental weathering 
whereas Sr is more vulnerable to leaching loss (Lerman and Gat, 1989; 
Jin and Zhang, 2002; Moradi et al., 2016). Therefore, the Sr/Cu and Rb/ 
Sr ratios are widely employed as indicators of paleoclimate changes in 
lacustrine sediments due to the sensitivity of elements such as Rb, Sr and 
Cu to these changes (Lerman, 1978; Sawyer, 1986). Generally, the Sr/Cu 
ratios are 1.0–5.0, 5.0–10.0 and > 10.0, reflecting warm–humid con
ditions, semi-arid–humid conditions and arid–hot conditions, respec
tively (Lerman, 1978; Liu and Zhou, 2007). Higher Rb/Sr ratios indicate 
a warm-humid palaeoclimate, while lower Rb/Sr ratios indicate an arid- 
hot palaeoclimate (Bai et al., 2015; Tao et al., 2017). The Sr/Cu ratios of 
the P2p mudstone, dolomitic mudstone and argillaceous dolomite range 
from 0.98 to 7.88 (avg. 4.68), 5.93 to 16.51 (avg. 10.15) and 11.99 to 
25.15 (avg. 19.82), respectively (Table 4). Additionally, the Rb/Sr ratios 
of mudstone (0.20 to 1.78, avg. 0.62), dolomitic mudstone (0.06 to 0.21, 
avg. 0.12) and argillaceous dolomite (0.02 to 0.13, avg. 0.06) decreased 
successively (Table 4). This results suggests a transition in paleoclimate 
from warm-humid conditions to arid-hot conditions during the deposi
tion from mudstone, dolomitic mudstone to argillaceous dolomite 
(Fig. 5a). Mudstone was deposited under warm-humid or semi-arid 
humid conditions, dolomitic mudstone was formed in semi-arid humid 
or arid-hot conditions and argillaceous dolomite was deposited under 
arid-hot conditions. 

The C value is commonly employed as a reliable paleoclimate indi
cator, as Fe, Mn, Cr, Ni, V and Co are accumulated in a humid envi
ronment, while Ca, Mg, Sr, Ba, K and Na are typically enriched under 
arid conditions (Moradi et al., 2016). The C values of source rocks with 
different lithologies show distinct variations, as evident from Table 4 
and Fig. 5b. Mudstone displays significantly higher C values ranging 
from 0.22 to 0.46 (avg. 0.31), indicating a semiarid and semiarid to 
semihumid paleoclimate. Dolomitic mudstone exhibits C values ranging 
from 0.16 to 0.25 (avg. 0.20), suggesting a semiarid to arid paleo
climate. Notably, argillaceous dolomite shows conspicuously low C 
values (0.09 to 0.16, avg. 0.13), reflecting that it was deposited in an 
arid paleoclimate. 

The mudstone, dolomitic mudstone and argillaceous dolomite of the 
P2p were deposited in different paleoclimate conditions, based on the 
interpretation of major and trace element by parameters such as C value, Ta
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Sr/Cu and Rb/Sr ratio. In addition, the influence of paleoclimate con
ditions on dolomite formation in the mixed sedimentary rocks of the P2p 
can be observed from Fig. 5c and d. An increased dolomite content is 
associated with decreased C value and increased Sr/Cu ratio in source 
rocks, suggesting that arid paleoclimate conditions promote dolomite 
precipitation (Fig. 5c, d). The main reason is that the evaporation 
gradually enhances during the paleoclimate transition towards arid-hot 
conditions, increasing Mg2+ concentration and Mg/Ca ratio. This facil
itates the creation of a suitable water environment for dolomite for
mation (Machel, 2004; Manche and Kaczmarek, 2019, 2021). 
Additionally, frequent hydrothermal and microbial activities within the 
study area disrupt the robust hydrated shell surrounding Mg2+ ions and 
facilitate dolomite formation (Slaughter and Hill, 1991; Kenward et al., 
2009; Perri et al., 2018; Sun et al., 2021). Consequently, hydrothermal 
and microbial activities disrupt the thermodynamic barrier to dolomite 
formation, while the periodic fluctuations in paleoclimate play a crucial 
role in controlling dolomite deposition, resulting in the interbedded 
deposition of mudstone, dolomitic mudstone and argillaceous dolomite. 

5.1.2. Paleosalinity 
The salinity in lacustrine systems often influences the stratification of 

the water column and redox conditions, which play a pivotal role in the 
preservation of organic matter following organismal death (Eugster and 
Hardie, 1978; Wei et al., 2018; Pan et al., 2020). The high abundance of 
gammacerane indicates saline water and stratification of the water 
column (Moldowan et al., 1985; Sinninghe Damsté et al., 1995; Liu 
et al., 2017; Martins et al., 2020). The presence of β-carotene is typically 

observed in sediments formed under reducing and saline water condi
tions due to their sensitivity to oxygen (Murphy et al., 1967; Moldowan 
et al., 1985; Requejo et al., 1992; Ding et al., 2017; Xia et al., 2021). 
Therefore, the gammacerane index and β-carotene index can effectively 
indicate the salinity variations in the water column. The sequential in
crease in the gammacerane index and β-carotene index of mudstone, 
dolomitic mudstone and argillaceous dolomite suggests a progressive 
rise in water salinity during their sedimentary periods (Table 3, Fig. 6a). 

The Sr/Ba ratio serves as a reliable indicator for assessing paleo
salinity. Generally, a low Sr/Ba ratio (< 0.6) is indicative of fresh water, 
an intermediate Sr/Ba ratio (0.6 to 1.0) suggests brackish water and a 
high Sr/Ba ratio (> 1.0) indicates salt water (Rohling, 2000; Zhang et al., 
2018; Wei and Algeo, 2020). The Sr/Ba ratios of the P2p mudstone, 
dolomitic mudstone and argillaceous dolomite increase successively 
(Fig. 5a, b), which are 0.26 to 0.87 (avg. 0.60), 0.85 to 1.98 (avg. 1.40) 
and 1.84 to 3.07 (avg. 2.38), respectively (Table 4). The above data 
suggest that mudstone was deposited in fresh water to brackish water 
environments, dolomitic mudstone was deposited in brackish water to 
salt water environments and argillaceous dolomite was formed in salt 
water environments. Furthermore, as illustrated in Fig.5a and b, the Sr/ 
Ba ratio in source rocks demonstrates an upward trend with decreasing C 
value and increasing Sr/Cu ratio, suggesting that paleoclimate condi
tions primarily control variations in the salinity of the water column. 

5.1.3. Redox conditions 
The oxidative decomposition of organic matter is prevalent in lake 

water and sediments; thus, the anoxic environment plays a crucial role 

Fig. 5. (a-b) The crossplots of paleoclimate parameters (Sr/Cu; C-value) versus Sr/Ba ratios of source rock samples from the P2p, Shishugou Sag, Junggar Basin; (c-d) 
The crossplots of paleoclimate parameters (Sr/Cu; C-value) versus dolomite content of source rock samples from the P2p, Shishugou Sag, Junggar Basin. 
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in the preservation of organic matter, thereby significantly facilitating 
the formation of organic-rich source rocks (Demaison and Moore, 1980; 
Hedges and Keil, 1995; Lash and Blood, 2014; Wang et al., 2017). 
Currently, some elemental parameters (e.g., UEF, MoEF, δU, V/(V + Ni)) 
and biomarker parameters (e.g., Pr/Ph, Pr/nC17, Ph/nC18) are exten
sively employed for assessing the redox conditions of lake water (Didyk 

et al., 1978; Tribovillard et al., 2006; Algeo and Liu, 2020). 
The enrichment factor is calculated as XEF = [(X/Al)sample/(X/ 

Al)standard], utilizing concentrations of the element of interest and Al in 
the sample, normalized to the same ratio for a standard shale (e.g., 
NASC, PAAS) or continental crust (Tribovillard et al., 2006; Algeo and 
Tribovillard, 2009; Algeo and Liu, 2020). The crossplot of UEF vs. MoEF 
in Fig. 6b reveals that the mixed sedimentary rocks of the P2p pre
dominantly deposited under anoxic water column conditions, and the 
redox conditions of source rocks with different lithologies exhibit no 
significant variations. In addition, The δU values are determined using 
the formula δU = 2 U/(U + Th/3). δU <1.0 and δU > 1.0 reflect aerobic 
and anoxic conditions, respectively (Steiner et al., 2001). V/(V + Ni) 
ratios ≤0.46, >0.46 to ≤0.60, >0.60 to ≤0.82, >0.82 correspond to 
oxic, dysoxic, suboxic to anoxic and euxinic conditions respectively 
(Hatch and Leventhal, 1992; Jones and Manning, 1994). δU values and 
V/(V + Ni) of the P2p mixed sedimentary rocks range from 1.43 to 1.83 
(avg. 1.64) and 0.69 to 0.88 (avg. 0.79), respectively (Table 4), repre
senting a suboxic to anoxic conditions. 

The interconversion of pristane and phytane bioprecursors under 
various redox conditions suggests that the Pr/Ph ratio can serve as a 
reliable indicator for assessing redox conditions (Didyk et al., 1978; ten 
Haven et al., 1987). Pr/Ph ratio < 0.8 and > 3.0 reflect typical anoxic 
and oxic conditions, respectively (Didyk et al., 1978; ten Haven et al., 
1987; Peters et al., 2005). The Pr/Ph ratios of the P2p mixed sedimentary 
rocks range from 0.95 to 1.95 (avg. 1.40) (Table 3), indicating suboxic to 
anoxic conditions. This finding is consistent with that observed in the 
crossplot of Pr/nC17 vs. Ph/nC18 (Fig. 6c). Generally, the Pr/Ph ratio 
may be affected by organic matter sources and thermal maturity. 
Considering that the P2p source rocks primarily consist of algae as the 
organic matter source with relatively low thermal maturity, the impact 
of these two factors on Pr/Ph ratio is expected to be limited. However, it 
is still necessary to integrate both organic and element geochemical 
indicators to accurately assess the redox conditions of P2p source rocks. 

In conclusion, the mudstone, dolomitic mudstone and argillaceous 
dolomite of the P2p in the study area were deposited under suboxic to 
anoxic conditions. There were no significant variations in redox condi
tions among the source rocks with different lithologies (Fig. 6a, b, c; 
Table 4). In saline lacustrine basins, the presence of stratified water 
columns with higher salinity typically facilitates the formation of anoxic 
bottom water conditions, which is consistent with the Paleogene Xin
gouzui Formation in Jianghan Basin (Li et al., 2021), the Middle 
Permian Lucaogou Formation in Jimsar Sag and Santanghu Basin 
(Zhang et al., 2019a; Liu et al., 2018; Pan et al., 2021). 

5.2. Paleoproductivity and source of organic matter 

5.2.1. Paleoproductivity 
The elements Cu, Ni and Zn in sediments are typically found within 

living organisms, forming complexes with organic matter and subse
quently precipitating to the bottom of lake water (Martin and Knauer, 
1973; Piper and Perkins, 2004; Tribovillard et al., 2006). Consequently, 
these trace elements have been extensively applied in paleoproductivity 
assessment (Tribovillard et al., 2006). Elemental ratios (Cu/Al, Ni/Al 
and Zn/Al) are commonly employed for evaluating the paleo
productivity of source rocks during deposition (Algeo and Maynard, 
2004; Shen et al., 2015). Higher ratios of Cu/Al, Ni/Al and Zn/Al indi
cate greater paleoproductivity (Algeo and Maynard, 2004; Schoepfer 
et al., 2015). 

The Cu/Al, Ni/Al and Zn/Al ratios of the mixed sedimentary rocks 
from the P2p in the study area range from 4.60 to 19.09 (avg. 10.98), 
2.56 to 7.14 (avg. 5.16) and 8.11 to 35.90 (avg. 18.81), respectively 
(Table 4). The comparison of Cu/Al values (avg. 3.11), Ni/Al values 
(avg. 5.48) and Zn/Al values (avg. 8.84) with post-Archean Australian 
shale indicate a higher paleoproductivity in the P2p source rocks (Taylor 
and McLennan, 1985; McLennan, 1989). Furthermore, no significant 
difference is observed in the average paleoproductivity parameters (Cu/ 

Fig. 6. The crossplots reflecting the Paleosalinity and redox conditions of 
source rock samples from the P2p, Shishugou Sag, Junggar Basin. (a) Gamma
cerane index (GI) versus Pr/Ph; (b) MoEF versus UEF (modified from Algeo and 
Tribovillard, 2009); (c) Pr/n-C17 versus Ph/n-C18 (according to Connan and 
Cassou, 1980). 
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Al, Ni/Al and Zn/Al) among mudstone, dolomitic mudstone and argil
laceous dolomite (Table 4), suggesting that overall paleoproductivity 
was relatively high across source rocks with different lithologies during 
the deposition period. 

5.2.2. Source of organic matter 
The organic matter in terrestrial lake basins primarily originates 

from terrigenous higher plants and aquatic organisms. Both depositional 
environment and paleoproductivity have essential effects on the bio
logical source and composition of organic matter (Hao et al., 2011; Song 
et al., 2019). Typically, organic maceral and biomarker parameters are 
employed for determining the source of organic matter in source rocks 
(Seifert and Moldowan, 1978; Philp and Gilbert, 1986; Hackley et al., 
2016). The results of organic maceral analysis can intuitively determine 
the relative proportions of algal and terrigenous organic matter input. 
The organic maceral of the P2p mixed sedimentary rocks primarily 
consists of algae, indicating their significant contribution to organic 
matter input. The relatively low proportion of terrigenous OM (spor
inite, vitrinite and inertinite) in the organic maceral suggests that 
terrestrial higher plants are not the primary contributors to organic 
matter (Table 2; Fig. 3). 

The P2p source rocks are currently in low maturation and maturity. 
Therefore, the distribution characteristics of n-alkanes can effectively 
indicate the source of organic matter (Cranwell, 1977; Brassell et al., 
1978; Wang et al., 2019). Based on the distribution characteristics of n- 
alkanes, nC21

− /nC22
+ and Pr/nC17 vs. Ph/nC18, the organic matter sources 

of P2p source rocks are mainly aquatic organisms, followed by terrige
nous higher plants. 

Regular steranes are commonly used to indicate the biological origin 
of sedimentary organic matter (Huang and Meinschein, 1979; Bechtel 
et al., 2012). C27 regular steranes are typically derived from aquatic 
organisms such as zooplankton and algae (Huang and Meinschein, 
1979). C28 regular steranes indicate the origin of planktonic organisms 
that contain chlorophyll c, such as diatoms and cyanobacteria (Gran
tham and Wakefield, 1988; Liu et al., 2022). The findings of this study 
suggest that the C28 regular steranes present in the mixed sedimentary 
rocks of the P2p within the study area are primarily derived from cya
nobacteria. Firstly, extensive cultivation of modern cyanobacteria in a 
glucose culture medium revealed a substantial production of ergosterol 
(1033.3 μg/g), a biological precursor to C28 regular sterane (Fagundes 
et al., 2019). Secondly, current research indicates that diatoms emerged 
during the Jurassic or Cretaceous period, with a significant temporal gap 
from the Permian era, whereas cyanobacteria have been present since 
the Cambrian period (Grantham and Wakefield, 1988). Therefore, it is 
more likely that the source of C28 regular steranes in the P2p source rocks 
is cyanobacteria rather than diatoms. 

C29 regular steranes indicate a source from terrigenous higher plants 
(Volkman, 1986). However, recent studies have shown that C29 regular 
steranes can also originate from certain microalgae species, such as 
green algae (Volkman et al., 1998; Ding et al., 2019). This study suggests 
that the C29 regular steranes found in the mixed sedimentary rocks of the 
P2p primarily originate from green algae rather than terrigenous higher 
plants. The following reasons support this conclusion: Firstly if the 
abundant C29 regular steranes were derived from terrigenous higher 
plants, it contradicts the predominance of type I-II1 organic matter 
(Fig. 2b). Secondly, a lower content of terrigenous OM in organic mac
erals and a reduced abundance of long-chain n-alkanes (n-C27–31) in 
biomarkers indicate a lesser contribution from terrigenous higher plants. 
Thirdly, previous studies have demonstrated the absence of terrigenous 
higher plants in certain basins within the United States Ordovician 
source rocks (Ryder et al., 1998). Nevertheless, these source rocks 
contain a high abundance of C29 regular steranes derived from exten
sively developed green algae and dinoflagellates during that period 
(Ryder et al., 1998). During the sedimentary period of the P2p mixed 
sedimentary rocks, green algae thrived while dinoflagellates were 
scarce. Additionally, C29 regular steranes were abundant in the source 

rocks, similar to the above case observed in certain Ordovician basins 
within the United States (Grantham and Wakefield, 1988). 

Previous studies based on organic petrology, molecular geochem
istry, element geochemistry and isotopic composition analysis of source 
rock have demonstrated that the C28 regular steranes and C29 regular 
steranes present in the Lucaogou Formation’s source rocks within 
Jimusar Sag were primarily derived from cyanobacteria and green algae, 
respectively (Fu et al., 1990; Xia et al., 2021; Liu et al., 2022; Zhi et al., 
2023; Zeng et al., 2023b). Therefore, based on the above analysis, this 
study concludes that the C28 regular steranes in the mixed sedimentary 
rocks of the P2p within the study area predominantly originate from 
cyanobacteria, while the C29 regular steranes primarily derive from 
green algae. Further analysis of Fig. 7 reveals a significant correlation 
between the relative abundance of regular steranes and the gamma
cerane index, suggesting that variations in water column salinity can 
substantially influence the biological composition of endogenous 
organic matter. Fig. 7a and b demonstrate that salt-intolerant algae and 
salt-tolerant green algae provide the bioprecursors of C27 and C29 reg
ular steranes, respectively. The abundance of C28 regular steranes 
initially increased and then decreased with the increase of the gamma
cerane index (Fig. 7c), primarily due to the slight salt tolerance of cya
nobacteria (Warren, 2016). High salinity water can disrupt ion balance 
inside and outside cyanobacterial cells, affecting their physiological 
metabolism and limiting growth and development (Singh et al., 2022). 

Consequently, the salinity increased in the water column as the 
paleoclimate tended to be increasingly arid (Fig. 6a, b), reducing the 
proportion of salt-intolerant algae (primarily contributing to bio
precursors of C27 regular steranes) within endogenous organic matter 
(Fig. 7a). Conversely, there is an elevation in the proportion of slightly 
salt-tolerant cyanobacteria (mainly provide bioprecursors for C28 regu
lar steranes) and salt-tolerant green algae (mainly provide bioprecursors 
for C29 regular steranes) within endogenous organic matter (Fig. 7b, c). 
Moreover, the arid paleoclimate facilitates dolomite formation and 
promotes the deposition of dolomitic mudstone and argillaceous dolo
mite. As a result, the abundance of C27 regular steranes in dolomitic 
mudstone and argillaceous dolomite is comparatively lower than that in 
mudstone, while the abundance of C28 and C29 regular steranes is rela
tively higher (Fig. 7). 

5.3. Hydrothermal activity 

Microscopic thin section identification and electron probe analysis 
have confirmed the influence of hydrothermal activities on the deposi
tion of the P2p source rocks (Fan et al., 2021). Additionally, the ternary 
diagram of trace elements demonstrates that the mixed sedimentary 
rocks of the P2p are situated within a hydrothermal deposition zone 
(Fig. 8a, b), suggesting a significant involvement of hydrothermal fluids 
in the depositional processes of source rocks. 

Previous studies have demonstrated that the enrichment of Mn and 
certain incompatible elements (e.g., Li) are indicators of significant 
hydrothermal influence (Pisarskii et al., 1998; Balistrieri et al., 2007), 
and Pierret et al. (2000) demonstrated the utility of the Cr vs. Zr ratio to 
detect hydrothermal influence. Therefore, the Li/Al and Cr/Zr ratios can 
indicate the intensity of hydrothermal activity, with higher values 
reflecting stronger hydrothermal activity (Marchig et al., 1982; Pisarskii 
et al., 1998; Pujol et al., 2006; Tao et al., 2022). The Li/Al ratios of the 
P2p mudstone, dolomitic mudstone and argillaceous dolomite are 3.33 
to 29.65 (avg. 14.41), 13.59 to 41.38 (avg. 27.14), 26.38 to 54.60 (avg. 
38.60), respectively (Table 4). The ratios of Cr/Zr are 0.07 to 0.33 (avg. 
0.22), 0.13 to 0.41 (avg. 0.25) and 0.29 to 0.51 (avg. 0.41), respectively 
(Table 4). These data show that the intensity of hydrothermal activity 
increases gradually during the sedimentary period from mudstone, 
dolomitic mudstone to argillaceous dolomite. Additionally, the content 
of Mg2+ in mudstone, dolomitic mudstone and argillaceous dolomite 
increases with the enhancement of hydrothermal activity (Fig. 9a, b), 
indicating that the hydrothermal fluid rich in Mg ions plays a role in the 
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increase of Mg2+ concentration in the lake water (Kenward et al., 2009). 
During the P2p sedimentary period, significant hydrothermal fluids 
containing Mg2+ infiltrated the lake through faults or fractures, 
providing a plentiful source of Mg ions for dolomite formation. More
over, the evaporation of lake water resulting from a relatively arid 
paleoclimate and the metabolic activities of microorganisms such as 
bacteria can facilitate an elevation in the concentration of Mg2+. 

5.4. Influencing factors of organic matter enrichment 

The organic matter enrichment in basins is generally influenced by 
multiple factors, particularly paleoproductivity and redox conditions 
(Pedersen and Calvert, 1990; Calvert and Pedersen, 1993; Bohacs et al., 
2005; Katz, 2005; Lash and Blood, 2014; Wu et al., 2019; Wang et al., 
2021). In the study area, there is no apparent correlation between TOC 

Fig. 7. The crossplots of regular steranes (C27–C29) versus gammacerane index (GI) of source rock samples from the P2p, Shishugou Sag, Junggar Basin.  

Fig. 8. (a) Ternary plot of Fe vs. Mn vs. (Cu + Co + Ni) × 10 after Crerar et al., 1982. (b) Ternary plot of Ni vs. Co vs. Zn after Choi and Hariya, 1992.  

Fig. 9. The crossplots reflect the influence of hydrothermal activity (a: Cr/Zr versus MgO; b: Li/Al versus MgO) on the source of magnesium.  
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and paleoclimate parameters (C-value, Sr/Cu and Rb/Sr), paleosalinity 
parameters (Sr/Ba and Gammacerane index), or redox condition pa
rameters (Pr/Ph, δU and V/(V + Ni)) in the P2p source rocks (Fig. 10). 
Nevertheless, this does not imply that the depositional environment has 
no impact on organic matter accumulation in the mixed sedimentary 
rocks of the P2p. The reason is that the saline, stratified and anoxic water 
column during the sedimentary period of the source rocks was caused by 
relatively arid paleoclimate, which was conducive to the preservation of 
organic matter. 

The weak correlation between regular sterane (C27, C28 and C29 
regular sterane) and TOC, as depicted in Fig. 11a, b and c, suggests that 
the relative proportions of salt-tolerant algae, slightly salt-tolerant 
cyanobacteria and salt-tolerant green algae do not significantly influ
ence the enrichment of organic matter. However, there was a significant 
positive correlation between TOC and endogenous/terrigenous OM (R2 

= 0.6985, p-value =0.23) (Fig. 11d), indicating that an increase in the 
contribution of algal organic matter compared to terrigenous higher 
plants can enhance the organic matter abundance and consequently 
promote organic matter enrichment in source rocks. 

Furthermore, a good positive correlation between TOC and paleo
productivity indicators (Cu/Al, Ni/Al and Zn/Al ratios) suggests that the 
organic matter enrichment in the mixed sedimentary rocks of the P2p is 
primarily governed by paleoproductivity, which was influenced by 
extensive volcanic activity during the Permian period in the Junggar 
Basin (Fig. 11e, f, g) (Zhang et al., 2015; Ding et al., 2020; Meng et al., 
2022). Previous studies through thin section observations have 

demonstrated that the Middle Permian source rocks in the eastern 
Junggar Basin generally contain tuffaceous materials, indicating their 
deposition process was influenced by volcanic activities (Jiang et al., 
2015; Ding et al., 2019; Meng et al., 2022). In addition, Zr/Al2O3 can 
serve as an effective geochemical indicator for assessing the input of 
volcanic ash in lacustrine source rocks (Suzuki et al., 1998; Pujol et al., 
2006; Yang et al., 2022). A clear positive correlation between TOC and 
Zr/Al2O3 suggests that the influx of volcanic ash enhanced paleo
productivity in the mixed sedimentary rocks of the P2p (Fig. 11h). 

Frequent volcanic activity facilitates the influx of Cu, Ni, Zn and 
other nutrients from volcanic ash into the lake, stimulating algal bloom 
and enhancing paleoproductivity (Langmann et al., 2010; Olgun et al., 
2013). Conversely, during periods of intermittent volcanic activity, 
nutrient input decreases and restricts algal growth, resulting in low 
paleoproductivity. Hence, volcanic activity is crucial in influencing 
paleoproductivity and controlling the organic matter enrichment in the 
mixed sedimentary rocks. Additionally, the weak correlation observed 
between the hydrothermal activity parameters (Cr/Zr and Li/Al ratios) 
and TOC suggests that the intensity of hydrothermal activity is not the 
primary factor affecting organic matter enrichment of the P2p source 
rocks in this study area (Fig. 11i, j). 

5.5. Formation mechanism of organic-rich mixed sedimentary rocks 

Based on the analysis above, the formation mechanism of organic- 
rich mixed sedimentary rocks in the study area is intricate and 

Fig. 10. The correlation between TOC and paleoclimate parameter (a–c: C-value, Sr/Cu, Rb/Sr), paleosalinity parameter (d–e: Sr/Ba, Gammacerane index) and 
redox indicators (f–h: Pr/Ph, δU, V/(V + Ni)) of source rock samples from the P2p, Shishugou Sag, Junggar Basin. 
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influenced by factors such as paleoenvironment, paleoproductivity, 
volcanic activity and hydrothermal activity. The mixed sedimentary 
rocks of the P2p were deposited in a relatively stable saline lacustrine 
environment, thereby creating favorable conditions for the development 
of organic-rich source rocks. During the P2p deposition period, there are 
apparent differences in the sedimentary environment among mudstone, 
dolomitic mudstone and argillaceous dolomite. Compared to dolomitic 
mudstone and argillaceous dolomite, the paleoclimate during mudstone 
deposition was more humid with weaker evaporation. Consequently, 
this resulted in lower concentrations of Mg2+ in lake water that hindered 
dolomite formation and ultimately led to low dolomite content in 
mudstone. 

Conversely, during deposition periods of dolomitic mudstone and 
argillaceous dolomite, paleoclimate conditions become increasingly arid 

with enhanced evaporation, leading to higher concentrations of Mg2+. 
Additionally, the hydrothermal fluid transports mantle-derived material 
into the lake, where abundant input of Mg2+ combined with arid pale
oclimate facilitated extensive dolomite precipitation, forming dolomitic 
mudstone and argillaceous dolomite. Therefore, paleoclimate and hy
drothermal activities jointly promoted the interbedded deposition of the 
P2p mixed sedimentary rocks with different lithologies in the saline lake 
basin. Frequent hydrothermal activities result in a persistent presence of 
Mg2+ in the lake. During arid and hot paleoclimates, the concentration 
of Mg2+ increases due to evaporation, thereby facilitating dolomite 
formation. Conversely, during warm and humid paleoclimates, the lake 
exhibits a relatively low concentration of Mg2+, which impeded exten
sive dolomite precipitation. 

Additionally, as paleoclimate conditions progressively became more 

Fig. 11. The correlation between TOC and organic matter origin parameters (a–c: C27, C28, C29 regular sterane; d: alginate/terrigenous OM), primary productivity 
parameters (e–g: Cu/Al, Ni/Al, Zn/Al), Volcanic ash input parameter (h: Zr/Al2O3) and hydrothermal activity parameters (i–j: Cr/Zr, Li/Al) of source rock samples 
from the P2p, Shishugou Sag, Junggar Basin. 
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arid, the salinity of the water column in the lake basin gradually 
increased(Fig. 5a, b), exerting a significant influence on changes in algae 
species within endogenous organic matter. The salinity increase in the 
water column resulted in a higher proportion of salt-tolerant green algae 
and slightly more salt-tolerant cyanobacteria than salt-intolerant algae. 
As a result, the proportion of organic matter input from salt-intolerant 
algae is lower in dolomitic mudstone and argillaceous dolomite 
compared to mudstone. Generally, saltwater environments can decrease 
the proportion of salt-intolerant algae, resulting in reduced biodiversity 
in saline lake basins. However, a reduction in biodiversity does not 
necessarily result in a decline in the total biomass. This is because salt- 
tolerant algae, such as cyanobacteria and green algae, can adapt to 
survive in saline water environments and replace salt-intolerant algae 
through interspecific competition (Warren, 2016; Xia et al., 2021). 

During the deposition of the P2p, volcanic activity positively influ
enced the formation of organic-rich mixed sedimentary rocks. In gen
eral, an appropriate influx of volcanic material can trigger rapid 
biological development and play a crucial role in forming high-quality 
source rocks (Langmann et al., 2010; Olgun et al., 2013). The frequent 
volcanic eruptions during the Permian period in the Junggar Basin 
resulted in the transportation of volcanic materials by wind into the 
lake, bringing a large amount of nutrients and establishing a rich 
foundation for the formation of high-quality source rocks. The correla
tion between TOC and volcanic activity, as well as paleoproductivity 
parameters (Fig. 11e, f, g, h), demonstrates that increased paleo
productivity caused by volcanic activity is the primary factor contrib
uting to organic matter enrichment in the mixed sedimentary rocks 
within the study area. Furthermore, stratification of the water column 
commonly occurs in saline lake basins, thereby creating a stable anoxic 
environment that facilitates the preservation of organic matter, which 
can also promote the enrichment of organic matter in source rocks. 

In conclusion, the formation of mixed sedimentary rocks in the study 
area is influenced by paleoenvironmental conditions, paleoproductivity, 
volcanic activity and hydrothermal activity. The dynamic changes in 
paleoclimate and hydrothermal activity control the development of 
source rocks with different lithologies, resulting in interbedded depo
sition of mudstone, dolomitic mudstone and argillaceous dolomite. 
Fluctuations in salinity caused by paleoclimate are primarily responsible 
for differences in the proportion of salt-tolerant and salt-intolerant algae 
within source rocks of different lithologies. Enhanced paleoproductivity 
caused by volcanic activity is crucial in promoting organic matter 
accumulation within these mixed sedimentary rocks. 

5.6. Implications 

Taking the Pingdiquan Formation in Shishugou Sag, Junggar Basin 
as a case study, this paper elucidates the differences in geochemical 
characteristics and formation mechanisms of mixed sedimentary rocks 
within continental saline lacustrine basins. These findings have some 
significant implications for future exploration and development en
deavors, as well as fundamental research undertakings: (1) The different 
sedimentary environments of mudstone, dolomitic mudstone and 
argillaceous dolomite, result in significant variations in biomarker pa
rameters, including the gammacerane index, β-carotene index and reg
ular sterane parameters. The combination of these parameters provides 
a crucial foundation for classifying crude oil types and oil source cor
relation within the study area. (2) The proportions of salt-tolerant and 
salt-intolerant algae in mixed sedimentary rocks vary under different 
salinity conditions. Therefore, further research can focus on conducting 
a comparative analysis of hydrocarbon generation evolution character
istics within mixed sedimentary rocks where salt-tolerant algae and salt- 
intolerant algae serve as the primary source of organic matter, respec
tively. Moreover, it is also essential to analyze the impacts of algal 
species variation on the oil-generation potential of source rocks during 
various hydrocarbon generation stages. (3) Generally, halocline 
commonly occurs in continental saline lake basins, leading to the 

stratification of water columns and an anoxic bottom water environment 
that favors organic matter preservation. Consequently, the abundance of 
organic matter in source rocks varies significantly among different 
continental saline lake basins, with paleoproductivity differences likely 
serving as the decisive factor. 

6. Conclusions  

(1) The P2p in the Shishugou Sag contains mixed sedimentary rocks, 
including mudstone, dolomitic mudstone and argillaceous dolo
mite, which exhibit high hydrocarbon generation potential and 
can serve as source rocks rich in organic matter.  

(2) The frequently changing paleoclimate and hydrothermal activity 
controls the formation of source rocks with different lithologies. 
During the sedimentary period of the P2p, Mg2+ was supplied 
through frequent hydrothermal activities. Moreover, Mg2+ con
centration was increased when the paleoclimate tended to be 
arid-hot, thereby promoting dolomite formation and leading to 
the interbedded deposition of mudstone, dolomitic mudstone and 
argillaceous dolomite.  

(3) Fluctuations in the salinity of water column caused by changes in 
the sedimentary environment substantially influence the biolog
ical composition of endogenous organic matter, and increased 
water salinity promoted a higher proportion of salt-tolerant algae 
than to salt-intolerant algae.  

(4) The sedimentary period of the P2p existed in a consistently stable 
and anoxic environment, which was conducive to the preserva
tion of organic matter. In addition, the increased paleo
productivity resulting from volcanic activities played a pivotal 
role in promoting organic matter enrichment within the mixed 
sedimentary rock. 
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783–792. 

Piper, D.Z., Perkins, R.B., 2004. A modern vs. Permian black shale—the hydrography, 
primary productivity, and water-column chemistry of deposition. Chem. Geol. 206 
(3–4), 177–197. 

Pisarskii, B.I., Konev, A.A., Levi, K.G., Delvaux, D., 1998. Carbon dioxide-bearing 
alkaline hydrotherms and strontium-bearing travertines in the songwe river valley 
(tanzania). Geol. Geofiz. 39 (7), 941–948. 

Pujol, F., Berner, Z., Stüben, D., 2006. Palaeoenvironmental changes at the Frasnian/ 
Famennian boundary in key European sections: chemostratigraphic constraints. 
Palaeogeogr. Palaeoclimatol. Palaeoecol. 240 (1–2), 120–145. 

Qian, Q., Gao, J., Klemd, R., He, G., Song, B., Liu, D., Xu, R., 2009. Early Paleozoic 
tectonic evolution of the Chinese South Tianshan Orogen: constraints from SHRIMP 
zircon U-Pb geochronology and geochemistry of basaltic and dioritic rocks from 
Xiate, NW China. Int. J. Earth Sci. 98, 551–569. 

Requejo, A.G., Allan, J., Creaney, S., Gray, N.R., Cole, K.S., 1992. Aryl isoprenoids and 
diaromatic carotenoids in Paleozoic source rocks and oils from the Western Canada 
and Williston Basins. Org. Geochem. 19, 245–264. 

Rodrigues, S., Hernández-Molina, F.J., Larter, R.D., Renesco, M., Hillenbrand, C.-D., 
Lucchi, G., Rodríguez-Tovar, F.J., 2022. Sedimentary model for mixed depositional 

systems along the Pacific margin of the Antarctic Peninsula: Decoding the interplay 
of deep-water processes. Mar. Geol. 445, 106754. 

Rohling, E.J., 2000. Paleosalinity: confidence limits and future applications. Mar. Geol. 
163, 1–11. 

Roser, B.P., Palmer, K., Nathan, S., Cooper, R.A., Tulloch, A.J., 1995. Whole-rock 
Analyses of Paleozoic Sedimentary Rocks from the Buller and Takaka terranes. 
Institute of Geological and Nuclear Sciences Report 95/14. 

Ryder, R.T., Burruss, R.C., Hatch, J.R., 1998. Black shale source rocks and oil generation 
in the Cambrian and Ordovician of the central Appalachian Basin, USA. AAPG Bull. 
82, 412–441. 

Sawyer, E.W., 1986. The influence of source rock type, chemical weathering and sorting 
on the geochemistry of clastic sediments from the Quetico metasedimentary belt, 
Superior Province, Canda. Chem. Geol. 55, 77–95. 

Scalan, E.S., Smith, J.E., 1970. An improved measure of the odd–even predominance in 
the normal alkanes of sediment extracts and petroleum. Geochim. Cosmochim. Acta 
34, 611–620. 

Schoepfer, S.D., Shen, J., Wei, H.Y., Tyson, R.V., Ingall, E., Algeo, T.J., 2015. Total 
organic carbon, organic phosphorus, and biogenic barium fluxes as proxies for paleo- 
marine productivity. Earth Sci. Rev. 149, 23–52. 

Seifert, W.K., Moldowan, J.M., 1978. Applications of steranes, terpanes and 
monoaromatics to the maturation, migration and source of crude oils. Geochem. 
Cosmochim. Acta 42, 77–95. 

Shen, J., Schoepfer, S.D., Feng, Q.L., Zhou, L., Yu, J.X., Song, H.Y., Wei, H.Y., Algeo, T.J., 
2015. Marine productivity changes during the end-Permian crisis and early Triassic 
recovery. Earth Sci. Rev. 149, 136–162. 

Singh, P., Fillat, M., Kumar, A., 2022. Cyanobacterial Lifestyle and its Applications in 
Biotechnology. Academic Press. 
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