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A B S T R A C T   

The organic-rich mixed sedimentary rocks deposited in a saline lacustrine environment are widespread in the 
Lucaogou Formation (P2l), Jimsar Sag, Junggar Basin. These rocks have complex lithology (mainly including 
mudstone, dolomitic mudstone and argillaceous dolomite) and significant changes in geochemical characteris
tics. Presently, the formation mechanism of organic-rich mixed sedimentary rocks in the P2l of the Jimsar Sag is 
obscure. To address these issues, the formation mechanism of mudstone, dolomitic mudstone and argillaceous 
dolomite is revealed by evaluating their sedimentary environment, primary productivity and sources of organic 
matter using organic petrology, organic geochemistry and inorganic geochemistry. The results show that the 
mixed sedimentary rocks of the P2l exhibit excellent hydrocarbon generation potential. The mixed sedimentary 
strata were mainly deposited in saline and suboxic to anoxic water column, and the main source of organic 
matter was aquatic organisms. During the changes from mudstone, dolomite mudstone to argillaceous dolomite 
deposition, the paleoclimatic condition varied from warm-humid to arid-hot with more frequent hydrothermal 
activity, which enhanced the salinity of the water column, leading to a higher proportion of halotolerant algae 
(cyanobacteria and green algae). The improvement in the paleoproductivity caused by volcanic activity was the 
most critical factor to promote the enrichment of organic matter in the mixed sedimentary rocks. In addition, the 
decomposition of algae and stratified water column were conducive to the formation of a stable and suboxic to 
anoxic bottom water environment, which improves the preservation conditions of organic matter, and also 
favored the organic matter enrichment in mixed sedimentary rocks. Therefore, the frequent changes in paleo
climatic conditions and periodic hydrothermal activity controlled the formation of different lithologies in the P2l. 
High primary productivity and good preservation conditions promoted the accumulation of organic matter in 
these mixed sedimentary rocks.   

1. Introduction 

In recent years, oil and gas resources related to mixed sedimentary 
strata have been found in many petroliferous basins (Ding et al., 2013; 
Wu et al., 2016; Cao et al., 2016; Liu et al., 2018; Zhang et al., 2019b; Zhi 
et al., 2023). In particular, mixed sedimentation makes important con
tributions to the formation and accumulation of unconventional oil and 
gas resources, and plays an important role in the exploration and 
development process (Poeppelreiter and Aigner, 2003; Palermo et al., 

2008; Li et al., 2015, 2021c; Zhang et al., 2019a). Mixed sedimentation 
of terrigenous clastic and carbonate rocks develop in both marine and 
terrestrial sedimentary environments (Mount, 1984). The marine sedi
mentary environment is one of the most developed sedimentary envi
ronments of mixed sediments, with a relatively high salinity of the water 
column and better developed carbonate rocks, while it is difficult to 
form mixed sediments in the continental sedimentary environment 
except for lacustrine settings (Dorsey and Kidwell, 1999; Dong et al., 
2009; Ding et al., 2013; Zhang et al., 2019a). Compared with the mixed 
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silica-carbonate sediments in shallow marine, few studies have been 
completed on lacustrine mixed sedimentary systems, especially in saline 
lacustrine environments. 

Organic-rich mixed sedimentary rocks are widely distributed in 
many saline lacustrine basins in China, such as the Lucaogou Formation 
(P2l) in the Jimsar Sag and Santanghu Basin (Zhang et al., 2019a; Ding 
et al., 2020; Liu et al., 2018; Pan et al., 2021), the Paleogene Shahejie 
Formation in the Bohai Bay Basin (Tang et al., 2019), and the Paleogene 
Xingouzui Formation in the Jianghan Basin (Li et al., 2021c). Abundant 
unconventional oil and gas resources have been recently discovered in 
mixed sedimentary strata of the Junggar, Santanghu, Bohaiwan and 
Jianghan basins (Gao et al., 2016, 2018; Zhang et al., 2018b; Su et al., 
2019a; Li et al., 2015), which opened a new chapter in the exploration 
and development of unconventional oil and gas resources in mixed 
sedimentary strata formed in saline lacustrine basin. However, current 
research on lacustrine mixed sedimentary rocks primarily focuses on 
sedimentation and reservoir characteristics (Palermo et al., 2008; Feng 
et al., 2013). Further studies are needed on the formation mechanism of 

organic-rich mixed sedimentary rocks. 
Previous studies have shown that the formation of organic-rich 

mixed sedimentary rocks is closely related to primary productivity, 
preservation conditions and paleoclimate conditions (Gao et al., 2016, 
2018; Zhang et al., 2018b; Su et al., 2019b; Li et al., 2015). However, 
there are some differences in the formation mechanism of organic-rich 
source rocks in different basins, and the research on the formation 
mechanism of mixed sedimentary rocks with different lithologies is 
limited. Compared with the Bohai Bay, Jianghan and Santanghu basins, 
the organic-rich mixed rocks of the P2l in the Jimsar Sag have certain 
uniqueness and complexity, which are mainly composed of mudstone, 
dolomitic mudstone and argillaceous dolomite formed in the saline 
lacustrine environment, accompanied by volcanic and hydrothermal 
activity (Wu et al., 2016; Qiu et al., 2016; Zhang et al., 2019a; Meng 
et al., 2022). It has been confirmed that the enrichment of organic 
matter in source rocks of the P2l in the Jimsar Sag is closely related to 
volcanic activity, and volcanic ash can release a large number of trace 
elements that promote algae bloom and improve primary productivity 

Fig. 1. Structure location map and stratigraphic column of the Jimsar Sag, Junggar Basin. (A) The Junggar basin located in northwestern China; (B) The Jimsar Sag 
located in the southeastern Junggar Basin; (C) Structural map of the Jimsar Sag, showing major faults, uplifts and key Wells; (D) Composite stratigraphic column in 
the Jimsar Sag (modified from Kuang et al., 2012; Wu et al., 2016; Liu et al., 2019). 
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(Ding et al., 2019; Kurenkov, 1966; Langmann et al., 2010; Hoffmann 
et al., 2012; Olgun et al., 2013). However, there are still some unre
solved questions. For example, under the control of paleoclimate con
ditions, the effects of salinity on algae growth or algal population 
diversity in lacustrine basins are still unclear. In addition, most studies 
on organic matter enrichment of the P2l source rocks have regarded 
mudstone, dolomitic mudstone and argillaceous dolomite as a whole 
and ignored the differences in their formation mechanisms, which limits 
the prediction of high-quality source rock distribution areas. 

In this work, organic geochemical, inorganic geochemical and 
organic petrological analyses of the samples were carried out to inves
tigate the sedimentary environment and organic matter sources of the 
P2l mixed sedimentary rocks. The goal is to clarify the key factors con
trolling the formation of organic-rich mixed sedimentary rocks in the 
saline lake basin and to reveal the formation mechanism of different 
types of organic-rich mixed sedimentary rocks. The research results will 
provide a scientific basis for predicting the distribution of high-quality 
source rocks in the Permian, Jimsar Sag. Additionally, the findings of 
this study hold significant implications for understanding the formation 
mechanisms and predicting the development of high-quality source 
rocks in analogous saline lake basins. 

2. Geological setting 

The Junggar Basin, located in northwestern China, is an important 
part of the Central Asian Orogenic Belt (CAOB) (Fig. 1A and B) (Xiao 
et al., 2009). The Jimsar sag is a relatively independent dustpan-shaped 
depression located in the southwest of the eastern uplift belt of the 
Junggar Basin (Fig. 1B), surrounded by boundary faults and uplifts, with 
an area of about 1278 km2 (Fig. 1C). The depression was initially formed 
at the end of the Late Paleozoic, and has experienced multi-stage tec
tonic movements such as Hercynian, Indosinian, Yanshan and Himala
yan, which was filled by sedimentary strata from the Middle Permian to 
the Quaternary (Fig. 1D) (Fang et al., 2005, 2007). 

The P2l is an important oil-bearing black fine grained rock series in 
the Jimsar Sag, with a stable thickness distribution of about 200–350 m 
(Fig. 1D). The P2l was deposited in saline lacustrine (Zhang et al., 2019a; 
Wang et al., 2021). The lithology of the P2l is relatively complex, con
sisting of a combination of terrigenous clastic and carbonate materials, 
accompanied by the input of volcanic materials (Qiu et al., 2016; Liu 
et al., 2019). The mudstone and carbonate rocks of the P2l have high 
hydrocarbon generation potential and are considered the main source 
rocks in the study area (Qiu et al., 2016; Cao et al., 2016; Gao et al., 
2016). 

3. Samples and methods 

3.1. Samples 

In this study, the selected samples were all representative core 
samples from wells in the Lucaogou Formation, exhibiting gray, gray- 
black or black. Each sample comprises an interval of about 0.5–2.0 m. 
In addition, the samples were collected from locations exhibiting sig
nificant changes in color and lithology, which are indicative of notable 
variations in the sedimentary environment of source rocks. 48 core 
samples of the P2l selected from 5 wells in the Jimsar Sag were sys
tematically analyzed. The distribution of sampling Wells is shown in 
Fig. 1D. The samples include mudstone, dolomitic mudstone and argil
laceous dolomite. 

3.2. Methods 

All source rock samples underwent total organic carbon (TOC), Rock- 
Eval pyrolysis analyses and X-ray diffraction (XRD). Representative 
source rock samples of different lithologies underwent organic petro
graphic analysis, solvent extraction, fractionation, gas chromatography- 

mass spectrometry (GC–MS) of saturated hydrocarbon, and elemental 
analysis. Elemental analysis was completed in the Analytical Laboratory 
of the Beijing Research Institute of Uranium Geology, China, and other 
experimental analysis were completed in the State Key Laboratory of 
Petroleum Resources and Prospecting at the China University of Petro
leum (Beijing). The Chinese standard analyses used in this experiment 
are not fundamentally different from that of Western scholars. 

3.2.1. Mineral compositions analysis 
The instrument was a Panalytical X ′Pert PRO X-ray diffractometer 

according to Chinese Oil and natural gas industry standard SY/T 5163- 
2018. Crushed samples (80-mesh) were mixed with ethanol, hand 
ground and then smear mounted on glass slides for X-ray diffraction 
analysis under the condition of temperature 24 ◦C and relative humidity 
35%. 

3.2.2. TOC and Rock–Eval pyrolysis analyses 
The TOC content was tested by the LECO CS-230 instrument ac

cording to Chinese National Standard GB/T19145-2022. The samples 
crushed to less than 80-mesh were pretreated with dilute hydrochloric 
acid (5%), rinsed with distilled water and dried in a drying oven for 
analysis. Rock-Eval pyrolysis analysis was carried out using a Rock-Eval 
6 pyrolysis instrument according to Chinese National Standard GB/ 
T18602-2016. During helium gas flow and gradual heating, pyrolytic 
materials (mg HC/g rock) were released from kerogen, and the free 
hydrocarbon content (S1) and cracked hydrocarbon content (S2) were 
successively tested at different temperatures. The temperature at which 
the second peak occurs corresponds to the maximum pyrolysis peak 
temperature (Tmax). 

3.2.3. Organic petrographic analyses 
Organic petrographic analyses mainly include maceral measurement 

and vitrinite reflectance (Ro) measurement. Maceral determination was 
performed using the Leica DM 4500P multipurpose microscope with 
random statistics of macerals along the vertical bedding direction under 
reflected white light and fluorescence. Maceral composition and classi
fication in source rocks were determined according to ICCP System 1994 
(ICCP, 1998, 2001) and Pickel et al. (2017). To ensure the accuracy of 
the results, at least 500 measurement points were randomly counted for 
each sample. Vitrinite reflectance (Ro) measurements are performed 
before calibration of the instrument using a standard sample (Ro =
0.904%), according to ISO 7404-5. To ensure the accuracy of the results, 
at least 50 measurement points were counted for each sample. 

3.2.4. Biomarker compounds analysis 
Based on the organic matter extraction and separation, the saturated 

hydrocarbon samples obtained after separation were analyzed using an 
Agilent 6890 Gas Chromatograph (GC) equipped with the HP-5MS col
umn (30-m × ) 0.25-mm i. d, with 0.25-μm film thickness) and linked 
with an Agilent 5975i Mass Spectrometer (MS). Helium was used as the 
carrier gas. The temperature range of the gradient heating mode was 
50–310 ◦C, the temperature rise rate was 4 ◦C/min, and the test time for 
each sample was about 70 min. The ion source is electron ionization (EI). 
The scanning range of the detector is 50–550 M/z, and both scanning 
and simulation modes are used, and the Chinese National Standard GB/T 
18606-2017 was used as a reference. 

3.2.5. Elemental analysis 
The oxides of the major elements were measured on an Axios-mAX X- 

ray fluorescence (XRF) spectrometer and the Chinese National Standard 
GB/T 14506.28–2010 was used as a reference. The trace elements were 
analyzed using inductively coupled plasma mass spectrometry (ICP-MS) 
(NexION300D Plasma mass spectrometer) and were quantified based on 
Chines National Standard GB/T 14506.30–2010. Each ground sample 
was dissolved in a mixture of 30% HF and 68% HNO3 in capped Teflon 
bombs at 150 ◦C for 48 h. The resultant solution was evaporated to near 
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dryness again, followed by the addition of 1 mL of 6 M HNO3. All 
samples were diluted for analysis, and the detection limits for the ele
ments ranged from 0.1 ppb to 9 ppb. 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 lithology of the P2l in the Jimsar Sag changes frequently, and the 
lithology types of source rocks are mainly mudstone, dolomite mudstone 
and argillaceous dolomite (Qiu et al., 2016; Su et al., 2019b). The XRD 
analysis results show that the source rocks are mainly composed of 
plagioclase (6–61%, avg. 29.63%), dolomite (1–67%, avg. 27.15%), 
quartz (7–43%, avg. 21.88%) and clay minerals (1–59%, avg. 13.69%). 
The contents of potassium feldspar (0–14%, avg. 3.75%), calcite 
(0–15%, avg. 1.96%), analcite (0–13%, avg. 0.79%), pyrite (0–20%, 

avg. 0.69%) and siderite (0–8%, avg. 0.54%) are relatively low 
(Table 1). Among them, the content of dolomite (avg. 58.56%, avg. 
33.50%, avg. 10.43%) in argillaceous dolomite, dolomitic mudstone and 
mudstone decreased successively, while the content of clay minerals 
(avg. 6.11%, avg. 11.44%, avg. 18.22%), quartz (avg. 12.44%, avg. 
19.50%, avg. 27.22%) and plagioclase (avg. 18.78%, avg. 29.31%, avg. 
34.09%) increased successively (Table 1). 

4.2. Bulk geochemical parameters 

In the study area, TOC and S1+S2 values of most samples are greater 
than 2% and 10.0 mg/g, respectively (Table 2), indicating that fine 
grained sediments of different lithologies in the P2l have abundant 
organic matter. As shown in the TOC and S1+S2 cross-plots, the source 
rock potential of these samples is mainly very good to excellent 
(Fig. 2A), and there is little difference in organic matter abundance 
between the source rocks of different lithologies. TOC values of 
mudstone, dolomite mudstone and argillaceous dolomite are 

Table 1 
XRD mineralogy data of samples from the Lucaogou Formation, Jimsar Sag.  

Sample Well Lithology Depth 1 2 3 4 5 6 7 8 9 

(m) % % % % % % % % % 

JL-1 HQ3303 A 3832.12 16 30 0 42 0 12 0 0 0 
JL-2 HQ3303 A 3833.16 3 34 0 61 0 2 0 0 0 
JL-3 HQ3303 A 3833.83 2 32 12 42 0 4 8 0 0 
JL-4 HQ3303 A 3834.70 2 25 11 47 6 10 2 0 0 
JL-5 HQ3303 A 3835.72 7 22 10 44 11 3 3 0 0 
JL-6 HQ3303 A 3836.45 1 28 14 43 0 8 6 0 0 
JL-7 HQ3303 A 3840.42 3 28 14 36 8 6 5 0 0 
JL-8 HQ3303 A 3845.42 12 34 0 47 0 4 0 3 0 
JL-9 HQ3303 A 3972.30 13 43 0 28 0 16 0 0 0 
JL-10 HQ3303 A 3975.54 2 31 7 40 0 20 0 0 0 
JL-11 HQ331 A 3292.95 8 27 4 38 0 23 0 0 0 
JL-12 J2801 A 2904.04 59 23 0 13 4 1 0 0 0 
JL-13 J2801 A 2929.10 25 31 0 28 0 12 0 1 3 
JL-14 J2801 A 3047.25 38 18 0 18 7 18 0 1 0 
JL-15 J2801 A 3049.40 37 38 0 6 0 16 0 3 0 
JL-16 J2801 A 3055.52 15 25 2 33 4 21 0 0 0 
JL-17 J2802 A 2930.23 42 18 0 17 0 10 0 0 13 
JL-18 J2807 A 3451.48 9 39 0 42 0 8 2 0 0 
JL-19 J3301 A 3397.68 52 26 3 13 5 1 0 0 0 
JL-20 J3301 A 3402.56 39 17 2 35 0 7 0 0 0 
JL-21 J3301 A 3546.42 7 26 3 46 0 14 0 3 1 
JL-22 J3301 A 3548.40 25 12 9 35 8 11 0 0 0 
JL-23 J3301 A 3558.49 2 19 6 30 3 13 0 20 7 
JL-24 HQ3303 B 3831.72 8 21 0 42 0 29 0 0 0 
JL-25 HQ3303 B 3963.86 9 23 6 27 0 35 0 0 0 
JL-26 HQ3303 B 3969.86 8 18 6 30 0 38 0 0 0 
JL-27 HQ3303 B 3970.76 6 23 2 40 0 29 0 0 0 
JL-28 HQ3303 B 3979.10 6 16 5 34 0 39 0 0 0 
JL-29 HQ3303 B 3988.04 4 25 3 21 15 32 0 0 0 
JL-30 HQ3303 B 3992.00 9 11 5 30 0 45 0 0 0 
JL-31 J2801 B 2908.20 15 27 0 31 0 27 0 0 0 
JL-32 J2801 B 2911.48 8 19 5 33 0 35 0 0 0 
JL-33 J2801 B 2942.00 6 16 8 37 0 33 0 0 0 
JL-34 J2801 B 3059.53 6 23 3 30 10 28 0 0 0 
JL-35 J2801 B 3069.20 26 16 0 11 3 36 0 0 8 
JL-36 J3301 B 3400.15 26 15 0 21 0 38 0 0 0 
JL-37 J3301 B 3433.06 15 22 1 32 0 27 0 0 3 
JL-38 J3301 B 3541.80 14 15 9 25 0 35 0 2 0 
JL-39 J3301 B 3551.67 17 22 4 25 2 30 0 0 0 
JL-40 HQ3303 C 3841.10 4 12 5 21 0 58 0 0 0 
JL-41 HQ3303 C 3976.92 4 10 3 21 0 62 0 0 0 
JL-42 HQ331 C 3295.60 4 17 0 20 0 59 0 0 0 
JL-43 J2801 C 2929.94 14 7 5 15 0 56 0 0 3 
JL-44 J2807 C 3453.16 4 9 3 18 0 66 0 0 0 
JL-45 J3301 C 3399.12 13 22 0 12 2 51 0 0 0 
JL-46 J3301 C 3542.16 4 10 1 18 0 67 0 0 0 
JL-47 J3301 C 3547.72 2 13 6 19 6 54 0 0 0 
JL-48 J3301 C 3554.42 6 12 3 25 0 54 0 0 0 

Note: A. Mudstone; B. Dolomitic mudstone; C. Argillaceous dolomite; 1. Clay; 2. Quartz; 3. Potash feldspar; 4. Plagioclase; 5. Calcite; 6. Dolomite; 7. Siderite; 8. Pyrite; 
9. Analcite. 
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Table 2 
The TOC, Rock-Eval pyrolysis and organic maceral data of the samples from the Lucaogou Formation, Jimsar Sag.  

Sample Lithology 1 2 3 4 5 6 7 8 9 

JL-1 A 6.91 2.58 24.69 27.27 357.41 440 0.77 84.3 15.7 
JL-2 A 1.57 2.11 2.34 4.45 148.76 428 – – – 
JL-3 A 2.32 1.38 11.58 12.96 499.14 437 – – – 
JL-4 A 2.55 1.29 13.49 14.78 529.02 436 – – – 
JL-5 A 2.25 8.21 6.14 14.35 273.50 438 – – – 
JL-6 A 2.43 2.57 13.55 16.12 557.61 440 – – – 
JL-7 A 3.98 1.67 7.21 8.88 181.11 436 – – – 
JL-8 A 3.65 3.23 14.48 17.71 396.71 443 0.78 49.37 50.63 
JL-9 A 5.66 10.66 29.02 39.68 512.81 437 0.75 41.27 58.73 
JL-10 A 2.79 6.36 14.25 20.61 510.75 437 – – – 
JL-11 A 12.90 4.50 71.85 76.35 556.98 443 0.75 89.63 10.37 
JL-12 A 7.08 6.17 39.03 45.20 551.27 435 0.68 73.55 26.45 
JL-13 A 6.74 1.36 37.27 38.63 552.97 437 – – – 
JL-14 A 7.60 7.73 59.97 67.70 789.11 434 – – – 
JL-15 A 0.39 0.60 0.48 1.08 123.08 433 – – – 
JL-16 A 7.30 5.19 53.31 58.49 730.23 438 – – – 
JL-17 A 8.48 6.61 56.32 62.93 664.15 440 0.90 79.52 20.48 
JL-18 A 5.86 3.61 27.65 31.26 471.84 437 – – – 
JL-19 A 7.26 6.20 46.91 53.11 646.14 443 0.91 89.15 10.85 
JL-20 A 5.85 4.17 36.57 40.74 625.13 441 – – – 
JL-21 A 10.50 4.02 69.38 73.40 660.80 442 – – – 
JL-22 A 1.61 7.63 6.50 14.13 403.73 429 – – – 
JL-23 A 3.69 15.97 15.90 31.87 430.89 435 – – – 
JL-24 B 3.67 2.07 12.93 15.00 352.32 439 0.76 42.56 57.44 
JL-25 B 3.52 6.92 15.34 22.26 435.80 439 – – – 
JL-26 B 8.38 2.42 41.00 43.42 489.49 441 0.63 87.18 12.82 
JL-27 B 1.24 0.85 2.22 3.07 179.32 440 – – – 
JL-28 B 7.25 1.22 33.97 35.19 468.49 446 0.71 82.33 17.67 
JL-29 B 3.66 1.37 11.30 12.67 308.66 449 – – – 
JL-30 B 2.76 0.57 9.70 10.27 351.83 444 – – – 
JL-31 B 3.15 2.24 17.72 19.96 562.54 444 – – – 
JL-32 B 4.50 4.43 26.47 30.90 588.22 442 0.72 59.26 40.74 
JL-33 B 1.10 0.33 2.10 2.43 190.91 437 – – – 
JL-34 B 12.40 8.76 98.78 107.54 796.61 434 – – – 
JL-35 B 1.02 0.48 3.28 3.76 321.57 437 – – – 
JL-36 B 6.76 1.75 52.28 54.03 773.37 442 – – – 
JL-37 B 0.90 1.19 3.67 4.86 407.78 443 – – – 
JL-38 B 6.60 1.75 54.02 55.77 818.48 440 0.78 67.42 32.58 
JL-39 B 5.70 1.99 46.27 48.25 811.67 440 0.83 55.37 44.63 
JL-40 C 5.80 9.92 31.68 41.59 546.12 436 0.81 77.35 22.65 
JL-41 C 2.55 1.79 9.21 11.00 360.89 442 – – – 
JL-42 C 4.35 5.26 21.26 26.52 488.74 432 0.76 56.27 43.73 
JL-43 C 0.40 0.16 0.49 0.65 122.50 436 – – – 
JL-44 C 10.60 2.07 61.71 63.78 582.17 435 0.79 92.34 7.66 
JL-45 C 2.53 1.44 12.26 13.70 484.58 442 – – – 
JL-46 C 6.15 2.54 45.70 48.24 743.09 443 0.83 81.43 18.57 
JL-47 C 2.65 3.20 9.28 12.47 350.00 437 – – – 
JL-48 C 2.86 16.93 11.39 28.32 398.25 430 – – – 

Note: A. Mudstone; B. Dolomitic mudstone; C. Argillaceous dolomite; 1. TOC = Total organic carbon (wt%); 2. S1: Rock-Eval measured free hydrocarbons (mg HC/g 
rock); 3. S2: Hydrocarbons generated during Rock Eval pyrolysis (mg HC/g rock); 4. PY: Generative potential = S1 + S2, (mg HC/g rock); 5. HI: Hydrogen index = (S2/ 
TOC) × 100, (mg HC/g TOC); 6. Tmax = Temperature maximum (◦C); 7. Ro = Vitrinite reflectance (%); 8. Alginite: Alginite includes lamalginite and telalginite, vol%, 
mmf (Pickel et al., 2017); 9. Terrigenous: Terrigenous organic matter includes sporinite, vitrinite and inertinite, vol%, mmf (ICCP, 1998, 2001; Pickel et al., 2017). 

Fig. 2. (A) Plot of potential of generating hydrocarbon (S1+S2) vs. Total organic carbon (TOC) of source rock samples from the P2l (according to Peters and Cassa, 
1994); (B) Plot of Hydrogen index (HI) vs. Temperature maximum (Tmax) of source rock samples from the P2l (according to Peters and Cassa, 1994). 

W. Zeng et al.                                                                                                                                                                                                                                    



Marine and Petroleum Geology 156 (2023) 106452

6

0.39–12.90 wt% (avg. 5.19 wt%), 0.90–12.40 wt% (avg. 4.54 wt%) and 
0.40–10.60 wt% (avg. 4.21 wt%), respectively (Table 2). The S1+S2 
values of mudstone, dolomite mudstone and argillaceous dolomite are 
1.08–76.35 mg/g (avg. 33.55 mg/g), 2.43–107.54 mg/g (avg. 29.34 
mg/g) and 0.65–63.78 mg/g (avg. 27.36 mg/g), respectively (Table 2). 

The hydrogen index (HI) values of mudstone, dolomite mudstone 
and argillaceous dolomite are 123–789 mg HC/g TOC (avg. 486 mg HC/ 
g TOC), 179–818 mg HC/g TOC (avg. 491 mg HC/g TOC) and 123–743 
mg HC/g TOC (avg. 453 mg HC/g TOC), respectively (Table 2), 
reflecting that the hydrogen index (HI), which reflects the hydrocarbon 
generation potential and the type of organic matter of source rocks, is 
not significantly different among the different lithologies. As shown in 
HI and Tmax cross-plots, most source rocks are in the fields of type I-II1 
kerogen, and there is no significant difference among the source rock 
with different lithologies (Fig. 2B). In addition, the thermal evolution of 
source rocks is in the low mature to mature stage (Fig. 2B). 

4.3. Organic petrology 

Organic macerals in the P2l of the study area are mainly derived from 
algae and terrigenous organic matter (Table 2). Therefore, to facilitate a 
better discussion on the source of organic matter, we have classified 
maceral components into two distinct categories: alginite (telalginite 
and lamalginite) representing the source of algae organic matter (Xie 
et al., 2014; Pickel et al., 2017), and terrestrial OM (sporinite, vitrinite 
and inertinite) representing a source of terrigenous higher plants organic 
matter (Bechtel et al., 2012; Xie et al., 2014). 

The macerals in the source rocks are mainly composed of alginite 
(41.27–92.34 vol%, avg. 71.08 vol%), and the maceral content of 
terrigenous OM (mainly include sporinite, vitrinite and inertinite) is low 
to medium (7.66–58.73 vol%, avg. 28.92 vol%) (Table 2; Fig. 3). The 
maceral content of terrigenous OM in mudstone, dolomitic mudstone 
and argillaceous dolomite (10.85–58.73 vol%, avg. 27.60 vol%; 
12.82–57.44 vol%, avg. 34.31 vol%; 7.66–43.73 vol%, avg. 23.15 vol%) 
is lower than that of alginite OM (41.27–89.62 vol%, avg. 72.40 vol%; 
42.56–87.18 vol%, avg. 65.69 vol%; 56.27–92.34 vol%, avg. 76.85 vol 
%), and there is no significant difference in organic maceral composition 
of the source rocks with different lithologies. 

The alginite in the source rocks of the P2l are mainly composed of 
lamalginites, which are long strips and appear with strong green-yellow 

fluorescence (Fig. 3A and B). Some samples contain wavy anastomosing 
lamalginites, which were preserved to different degrees and display 
fold-overs (Fig. 3B), indicating a cohesive biofilm of extracellular 
polymeric substances, suggesting a cohesive microbial mat facies under 
incident blue light (Wingender et al., 1999). Telalginite was poorly 
preserved and present in low amounts (Fig. 3C). 

The sporinite appears in a hollow, elongated, smooth-edged ring, 
with orange fluorescence (Fig. 3D). The inertinite appears at a relatively 
low content (Fig. 3E). The maceral from terrigenous OM is mainly 
composed of vitrinite, which appears as strip-shaped or irregularly 
shaped polygons (Fig. 3E and F). Under white light, the vitrinite is gray 
or dark gray (Fig. 3E and F). The measured Ro of source rocks ranges 
from 0.63 to 0.91% (avg. 0.77%), reflecting that the thermal evolution 
of most source rocks is in the low mature to mature stage (Table 2). 

4.4. Biomarkers 

4.4.1. Straight chain alkanes and isoprenoids 
The N-alkanes in source rock samples of the P2l are distributed in the 

range of NC15 to NC33, with a peak dominantly located at NC17 to NC23 
(Fig. 4A and B), indicating that N-alkanes are dominated by short-chain 
N-alkanes. The carbon preference index (CPI) values range from 1.15 to 
1.85 with an average of 1.41 (Table 4), indicating that there is no 
obvious odd-even predominance. The ratios of ΣNC21-/ΣNC22+ range 
from 0.69 to 1.85 (avg. 1.11) and the ratios of Pr/Ph range from 0.75 to 
1.36 (avg. 1.04), with little difference among the source rocks with 
different lithologies (Table 4). There was no correlation between the Pr/ 
Ph ratio and maturity parameters (Tmax, Ro, 22S/(22S + 22R)C31 
Hopanes, 20S/(20S + 20R)C29 Steranes and ββ/(αα+ββ)C29 Steranes), 
which reflects that the effect of maturity on Pr/Ph ratio could be 
excluded. 

4.4.2. β–carotane 
A high abundance of β-carotane was detected in the total ion chro

matogram (TIC) of most source rock samples of the P2l (Fig. 4A). The 
β-carotane index, β-carotane/17α 21β C30 hopane, ranged from 0.15 to 
1.91, with an average of 0.75 (Table 4). The mudstone, dolomite 
mudstone, and argillaceous dolomite are significantly different in 
β-carotane index, with an increased β-carotane index of 0.15–1.78 (avg. 
0.56), 0.51 to 1.32 (avg. 0.83), and 0.69 to 1.91 (avg. 1.21), respectively 

Fig. 3. Representative maceral photomicrographs of source rock samples from the P2l. (A) lamalginite, JL-12 under blue light; (B) lamalginite, JL-26 under blue 
light; (C) telalginite, JL-32 under blue light; (D) sporinite, JL-24 under blue light; (E) inertinite and vitrinite, JL-39 under white light; (F) vitrinite, JL-32 under 
white light. 
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(Table 4). 

4.4.3. Terpanes and their analogues 
The hopanes and their analogues in all source rock samples of the P2l 

had a similar distribution characteristic. C29–C30 hopanes and their 
analogues were dominant compounds, and the relative abundance of 
homohopanes decrease consistently from C31 to C35 (Fig. 4C). High 
abundance of gammacerane was detected in all source rock samples. The 
gammacerane index, gammacerane/17α21β C30 hopane, ranged from 
0.06 to 0.36, with an average of 0.23 (Table 4). The mudstone, dolomite 
mudstone and argillaceous dolomite display significantly different 
gammacerane index values, with an increasing gammacerane index of 
0.06–0.28 (avg. 0.18), 0.18 to 0.31 (avg. 0.25), 0.28 to 0.36 (avg. 0.33) 
(Fig. 4C and Table 4). 22S/(22S + 22R) C31 Hopane ratios, the maturity 
parameter, is between 0.56 and 0.60 (Table 4), basically reaching the 
end of isomerization equilibrium. 

4.4.4. Steranes and their analogues 
The steranes and their analogues were identified in the M/z 217 mass 

chromatogram. The distribution characteristics of regular steranes in 

source rocks can indicate the difference in organic matter sources 
(Bechtel et al., 2012). Previous studies have shown that C27 regular 
steranes are mainly derived from algae and zooplankton (Volkman, 
1986). C28 regular steranes are mainly derived from plankton containing 
chlorophyll-c (Volkman, 1986; Grantham and Wakefield, 1988; Zhang 
et al., 2020), C29 regular steranes are mainly derived from higher plants 
and some brown algae, green algae or cyanobacteria (Huang and 
Meinschein, 1979). There is an increased relative abundance of C27, C28 
and C29 regular steranes in the source rock samples of the P2l in the 
Jimsar Sag (Fig. 4D), which is similar to the source rocks of the P2l in the 
Santanghu Basin and the Fengcheng Formation in the northwestern 
margin of the Junggar Basin (Hackley et al., 2016; Gao et al., 2018). 
There are some differences in the composition characteristics of regular 
steranes in the P2l source rocks with different lithologies. The relative 
abundance of C27 regular steranes in mudstone samples varied greatly, 
ranging from 6.97 to 36.27%, with an average of 17.03%, and the 
relative abundance of C27 regular steranes in some mudstone samples 
was slightly higher than that of C28 regular steranes (Fig. 4D and 
Table 4). The relative abundance of C27 regular steranes in dolomite 
mudstone (7.94–16.43%, avg. 11.05) and argillaceous dolomite 
(8.23–11.9%, avg. 9.59%) were relatively low (Fig. 4D and Table 4), 
indicating that the algae species and their relative composition may be 
different in the source rocks of different lithologies. The 20S/(20S +
20R) isomerization ratio of C29 regular steranes is between 0.27 and 
0.54 (avg. 0.42), and the ββ/(ββ+αα) isomerization ratio of the C29 
regular steranes is between 0.21 and 0.40 (avg. 0.30) (Table 4), which is 
consistent with the thermal evolution indicated by Tmax and Ro. 

4.5. Elemental geochemistry 

The analysis results of major and trace elements of various rocks in 
the P2l in the study area are shown in Table 5. All samples are mainly 
composed of SiO2, Al2O3, CaO and MgO (57.53%, 11.90%, 9.20% and 
6.55%). There are obvious differences in the composition of major ele
ments between the source rocks with different lithologies. The 
mudstone, dolomitic mudstone and argillaceous dolomite are enriched 
in MgO to varying degrees, which are 1.20%–7.12% (avg. 3.19%), 
4.74% to 10.10% (avg. 7.54%), 11.48% to 14.29% (avg. 12.41%). In 
addition, the CaO content in mudstone, dolomitic mudstone and 

Fig. 4. Comparison of saturated hydrocarbon fractions in mudstone, dolomite mudstone and argillaceous dolomite of the P2l. (A) Total ion chromatography (TIC); 
(B) mass chromatograms (M/z 85); (C) mass chromatograms (M/z 191); (D) mass chromatograms (M/z 217). A key to labelled biomarker in the fragmentgrams is 
provided in Table 3. 

Table 3 
Abbreviations for labelled biomarker in Fig. 4  

M/z Abbreviation Compound 

85 15–33 C15–33 N–alkanes 
Pr Pristane 
Ph Phystane 

191 Ts 18a(H)–22,29,30–trisnorneohopane  
Tm 17a(H)–22,29,30–trisnorhopane 
C29H 17α(H) 21β(H) C29 norhopane 
C30H 17α 21β C30 hopane 
C30M 17β 21α C30 moretane 
Gam Gammacerane 
H31(S + R) 17α 21β C31 hopane (22S) + 17α 21β C31 hopane (22R) 
H32(S + R) 17α 21β C32 hopane (22S) + 17α 21β C32 hopane (22R) 
H33(S + R) 17α 21β C33 hopane (22S) + 17α 21β C33 hopane (22R) 
H34(S + R) 17α 21β C34 hopane (22S) + 17α 21β C34 hopane (22R) 
H35(S + R) 17α 21β C35 hopane (22S) + 17α 21β C35 hopane (22R) 

217 S27S–S29S C27–C29 ααα 20S sterane 
S27R–S29R C27–C29 ααα 20R sterane  
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argillaceous dolomite increases successively, with the contents ranging 
from 0.67% to 11.09% (avg. 3.70%), 7.01% to 15.95% (avg. 11.41%), 
and 16.23% to 21.30% (avg. 17.54%), respectively (Table 5). 

There are obvious differences in trace elements among the source 
rocks with different lithologies. Compared with mudstone (Sr: 95–623 
ppm,avg. 267 ppm; Ba: 153–511 ppm, 377 ppm), dolomite mudstone 
and argillaceous dolomite have higher Sr content (358–878 ppm, avg. 
616 ppm; 528–1425 ppm, avg. 924 ppm) and lower Ba content 
(284–438 ppm, avg. 350 ppm; 188–412 ppm, avg. 296 ppm). The Sr/Ba 
ratios of dolomite mudstones (0.82–2.50, avg. 1.80) and argillaceous 
dolomite (2.37–3.64, avg. 3.06) are also higher than those of mudstones 
(0.21–1.41, avg. 0.74). In addition, compared with mudstones, the Sr/ 
Cu ratios of dolomite mudstones and argillaceous dolomite are relatively 
higher, while the C values and Rb/Sr ratios reflecting paleoclimate are 
lower (Table 5). C-value = Σ(Fe + Mn + Cr + Ni + V + Co)/Σ(Ca + Mg 
+ Sr + Ba + K + Na) (Turgeon and Brumsack, 2006; Algeo and Tribo
villard, 2009). 

5. Discussion 

5.1. Sediment provenances 

The elemental and mineral composition of clastic rocks is controlled 
by their provenance, which may be composed of igneous, sedimentary, 
and metamorphic rocks, or a mixture of different proportions of these 
rocks, consequently, it is important to trace the provenance of clastic 
rocks (Condie et al., 2001). At present, geochemical parameters of ele
ments are widely used to determine the sedimentary provenance of 
fine-grained sediments (Cullers, 1995; Moradi et al., 2016). Compared 
with acid rocks, basic rocks are generally enriched in Sc and depleted in 
Th. In addition, Zr is enriched in heavy mineral zircons, while Sc re
mains unchanged during recycling. Therefore, the crossplot of 
Th/Sc–Zr/Sc can be used to determine the provenances and recycling 
conditions of sediments (McLennan et al., 1993). The ratios of Th/Sc in 
mudstone, dolomite mudstone and argillaceous dolomite in the P2l are 
0.33–0.64 (avg. 0.46), 0.43–1.40 (avg. 0.81) and 0.63–1.53 (avg. 0.87), 
and the Zr/Sc values are 6.19–15.61 (avg. 11.31), 6.34–12.92 (avg. 

9.83) and 6.22–13.93 (avg. 11.14), respectively (Table 5), indicating 
more felsic sources and no recycling (Fig. 5A). 

The oxides and hydroxides of Al- and Ti- have a low-solubility in low- 
temperature aqueous solutions, which retain the characteristics of 
parent rock after geological alternation. Therefore, The ratio of Al2O3/ 
TiO2 is an effective parameter to indicate sediment provenance (Stumm 
and Morgan, 1981; Hayashi et al., 1997; Moradi et al., 2016). The 
Al2O3/TiO2 ratios (<8, 8–21, and >21) correspond to mafic, interme
diate and felsic igneous rocks (Hayashi et al., 1997). The Al2O3/TiO2 
ratios of mudstone, dolomitic mudstone and argillaceous dolomite of P2l 
in the study area are 17.79–53.61 (avg. 27.20), 15.62–34.39 (avg. 
24.12) and 18.89–38.29 (avg. 26.45), respectively (Table 5), indicating 
that the sediment provenances of these rocks are felsic igneous rocks 
(Fig. 5B). Previous studies have shown that the sediment provenances of 
the P2l source rocks in Jimsar Sag was mainly from two provenance 
regions of the Shaqi and Santai uplifts (Tao et al., 2016), which are 
located in the north and south of the sag, respectively (Fig. 1C). During 
the sedimentary period of the P2l, the basin was mainly a saline lacus
trine environment. Carbonate were derived from the chemical deposits 
in the basin, and volcanic debris particles were derived from the vol
canic materials that were transported into the lake by wind or water 
during volcanic activity. The eventful volcanic activity provided special 
sediment provenances, which increased the complexity of mixed sedi
ments in the study area (Zhang et al., 2019a; Wu et al., 2022). 

5.2. Palaeoenvironment and its impact on organic enrichment 

5.2.1. Paleoclimate 
Paleoclimate can influence the depositional process and organic 

matter enrichment by controlling the physical and chemical properties 
of lacustrine basins (Tanaka et al., 2007; Bai et al., 2015; Hakimi et al., 
2016). Sr/Cu and Rb/Sr ratios are effective paleoclimatic indicators, 
which are commonly used for paleoclimate reconstruction during the 
deposition of fine-grained sediments (Lerman, 1978; Sawyer, 1986; 
Zhao et al., 2007; Moradi et al., 2016). Sr is preferentially enriched 
under arid conditions, while Cu is enriched under humid conditions 
(Lerman, 1978; Cao et al., 2015). Sr/Cu ratios of 1.0–5.0, 5.0–10.0 and 

Table 4 
Saturate biomarker ratios of the samples from the Lucaogou Formation, Jimsar Sag.  

Sample Lithology 1 2 3 4 5 6 7 8 9 10 11 12 13 

JL-3 A 1.15 0.72 1.02 0.88 1.10 0.39 0.21 0.58 15.85 41.55 42.59 0.50 0.40 
JL-4 A 1.18 0.75 1.06 0.86 1.16 0.38 0.18 0.59 14.24 39.58 46.17 0.47 0.38 
JL-6 A 1.18 0.72 0.98 0.78 1.18 0.34 0.20 0.59 16.02 37.28 46.71 0.46 0.36 
JL-8 A 1.28 1.27 0.78 0.65 1.28 0.29 0.16 0.58 16.84 37.30 45.87 0.45 0.33 
JL-9 A 1.31 1.37 1.68 2.64 0.90 0.66 0.27 0.59 6.97 41.90 51.13 0.48 0.37 
JL-10 A 1.28 1.06 1.71 2.30 0.87 0.52 0.25 0.59 9.68 44.40 45.91 0.54 0.40 
JL-12 A 1.63 1.12 2.58 2.49 1.19 0.59 0.11 0.56 26.04 31.80 42.16 0.27 0.22 
JL-15 A 1.32 0.69 1.13 0.66 1.06 0.22 0.16 0.60 13.60 28.81 57.59 0.34 0.24 
JL-17 A 1.85 1.33 2.10 1.98 0.93 0.20 0.14 0.57 19.88 35.96 44.16 0.27 0.22 
JL-18 A 1.40 0.96 1.43 0.93 1.34 0.68 0.12 0.60 24.64 29.42 45.94 0.37 0.25 
JL-19 A 1.43 1.12 2.42 2.04 1.21 0.15 0.06 0.59 36.27 26.92 36.81 0.47 0.31 
JL-22 A 1.38 1.00 1.98 3.10 0.83 1.07 0.22 0.58 11.47 39.27 49.27 0.46 0.28 
JL-23 A 1.35 1.10 2.34 3.36 0.92 1.78 0.28 0.58 9.89 37.68 52.43 0.47 0.31 
JL-25 B 1.19 0.89 1.50 1.73 0.96 0.53 0.26 0.58 9.40 43.82 46.78 0.52 0.40 
JL-26 B 1.52 1.47 1.39 1.99 1.05 0.63 0.28 0.58 8.95 42.60 48.45 0.49 0.35 
JL-28 B 1.30 1.49 1.08 1.49 1.07 0.79 0.23 0.58 7.94 40.50 51.56 0.45 0.37 
JL-33 B 1.43 1.69 1.05 1.55 1.14 0.72 0.28 0.57 11.27 41.63 47.10 0.35 0.21 
JL-34 B 1.66 1.85 2.38 4.94 0.93 1.30 0.31 0.56 12.53 38.25 49.23 0.34 0.22 
JL-35 B 1.63 0.80 2.42 4.21 0.75 1.32 0.20 0.56 10.84 41.80 47.36 0.34 0.23 
JL-37 B 1.43 0.78 1.84 1.58 1.09 0.51 0.18 0.58 16.43 43.21 40.36 0.41 0.25 
JL-42 C 1.65 1.08 2.34 6.39 0.77 1.38 0.35 0.58 9.78 39.10 51.12 0.39 0.23 
JL-43 C 1.44 0.81 1.30 1.45 1.10 0.88 0.28 0.56 11.39 39.75 48.87 0.34 0.23 
JL-44 C 1.38 1.31 0.86 0.58 1.36 0.69 0.36 0.58 8.23 34.73 57.04 0.37 0.26 
JL-48 C 1.44 1.27 2.40 4.02 0.86 1.91 0.33 0.58 8.96 38.35 52.69 0.46 0.28 

Note: A. Mudstone; B. Dolomitic mudstone; C. Argillaceous dolomite; 1. CPI (Scalan and Smith, 1970); 2. ΣNC21
- /ΣNC22

+ ; 3. Pr/NC17; 4. Ph/NC18; 5. Pr/Ph; 6. 
β–carotene index = 100 × (β–carotane/17α 21β C30 hopane) (Martins et al., 2020); 7. GI: gammacerane index = gammacerane/17α 21β C30 hopane (Moldowan et al., 
1985; Sinninghe Damsté et al., 1995); 8. 22S/(22S + 22R) C31 Hopanes; 9. C27/(C27 + C28 + C29) regular steranes (%); 10. C28/(C27 + C28 + C29) regular steranes (%); 
11. C29/(C27 + C28 + C29) regular steranes (%); 12. 20S/(20S + 20R) C29 Steranes; 13. ββ/(αα + ββ) C29 Steranes. 
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Table 5 
Element ratios of the samples from the Lucaogou Formation, Jimsar Sag.  

Sample Lithology 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

JL-1 A 57.79 15.62 4.43 3.43 0.88 17.79 214 426 8.18 0.45 0.42 1.80 0.54 0.50 3.07 2.66 1.69 0.69 14.39 6.17 27.46 20.75 11.20 0.23 
JL-2 A 67.11 15.19 0.67 1.26 0.61 24.75 95 462 12.37 0.64 0.28 3.46 0.45 0.21 1.28 1.00 1.58 0.73 3.43 3.42 8.62 11.25 7.63 0.25 
JL-5 A 63.53 14.38 0.72 1.89 0.39 37.08 108 311 10.55 0.33 0.37 4.52 0.34 0.35 0.81 1.11 1.62 0.70 3.14 3.79 9.64 17.74 16.77 0.19 
JL-7 A 61.96 15.36 0.86 2.40 0.53 29.10 231 428 6.19 0.47 0.34 2.92 0.60 0.54 1.28 2.44 1.63 0.72 9.71 5.46 16.35 16.08 5.68 0.15 
JL-8 A 68.67 16.35 0.80 1.20 0.66 24.68 101 305 11.87 0.40 0.46 1.79 0.73 0.33 1.01 1.47 1.67 0.70 6.50 4.45 21.25 19.23 11.25 0.15 
JL-9 A 80.82 6.55 3.09 2.62 0.22 29.27 207 153 7.61 0.53 0.30 5.39 0.14 1.35 1.53 1.26 1.39 0.73 11.08 5.91 21.93 19.22 19.85 0.24 
JL-11 A 56.77 10.18 11.09 7.12 0.55 18.50 388 449 14.99 0.37 0.33 3.96 0.17 0.86 4.32 1.86 1.73 0.73 18.19 9.65 38.05 32.23 15.65 0.29 
JL-13 A 64.57 13.71 5.27 2.49 0.53 25.79 313 358 11.50 0.39 0.31 5.07 0.14 0.87 1.52 0.94 1.48 0.69 8.50 5.69 20.25 22.94 13.57 0.22 
JL-14 A 59.39 15.06 3.40 3.35 0.28 53.61 527 374 15.61 0.35 0.25 6.66 0.09 1.41 2.03 1.77 1.83 0.65 9.92 6.53 24.58 18.73 7.08 0.27 
JL-16 A 58.11 12.10 5.12 4.26 0.67 18.05 623 446 12.10 0.63 0.22 7.90 0.08 1.40 2.71 1.17 1.42 0.76 12.32 5.98 20.14 22.54 21.23 0.24 
JL-20 A 67.22 14.56 2.30 3.68 0.69 21.14 183 299 12.35 0.36 0.38 2.58 0.31 0.61 2.57 1.48 1.78 0.65 9.21 6.24 19.72 13.76 5.62 0.17 
JL-21 A 59.62 14.81 6.68 4.63 0.56 26.65 216 511 12.38 0.54 0.36 2.12 0.38 0.42 4.25 2.35 1.69 0.68 13.01 7.44 30.49 25.12 17.73 0.21 
JL-24 B 59.74 11.55 9.27 6.87 0.34 34.39 362 394 9.43 0.65 0.30 7.97 0.14 0.92 2.68 2.21 1.76 0.74 7.43 6.12 12.74 11.27 24.70 0.24 
JL-26 B 52.59 8.87 13.85 8.13 0.30 29.75 702 334 8.83 0.74 0.20 10.29 0.12 2.10 1.49 1.54 1.36 0.78 14.52 7.39 31.30 22.78 30.88 0.26 
JL-27 B 52.81 11.33 10.67 8.42 0.48 23.66 465 284 10.33 1.40 0.24 12.60 0.17 1.64 1.77 2.92 1.61 0.81 6.15 4.07 7.25 12.90 16.67 0.33 
JL-28 B 52.83 10.74 11.62 9.54 0.41 26.46 878 376 9.50 0.49 0.16 12.25 0.06 2.34 1.18 0.83 1.33 0.74 12.61 5.95 22.69 24.55 29.20 0.28 
JL-29 B 55.61 9.86 8.73 7.18 0.61 16.07 713 285 6.34 0.97 0.18 13.61 0.07 2.50 4.19 3.43 1.59 0.80 10.04 4.86 17.73 16.37 18.04 0.27 
JL-30 B 60.83 10.88 7.25 5.80 0.53 20.44 785 343 10.24 0.65 0.18 16.29 0.10 2.29 2.33 1.20 1.62 0.78 8.37 5.75 11.98 11.55 26.39 0.32 
JL-31 B 60.55 12.23 7.01 4.74 0.46 26.62 358 438 12.92 1.06 0.31 10.07 0.15 0.82 2.13 2.32 1.61 0.75 5.49 4.96 8.62 15.83 11.74 0.29 
JL-32 B 51.41 10.32 15.95 10.10 0.41 24.97 520 357 8.14 0.75 0.24 10.92 0.13 1.46 4.18 4.16 1.77 0.79 8.72 5.71 19.59 15.89 34.42 0.36 
JL-36 B 57.39 10.21 13.44 6.35 0.40 25.62 588 323 7.77 0.86 0.17 12.21 0.04 1.82 3.85 1.73 1.49 0.71 8.91 6.54 31.26 15.48 10.84 0.24 
JL-38 B 56.91 12.63 13.06 9.14 0.81 15.62 738 376 12.36 0.43 0.20 10.37 0.07 1.96 2.81 1.68 1.75 0.76 10.65 5.74 21.08 18.70 20.33 0.25 
JL-39 B 53.52 9.86 14.64 6.69 0.45 21.77 671 336 12.29 0.86 0.15 11.63 0.09 2.00 6.35 2.68 1.77 0.72 11.06 6.63 28.37 13.52 36.80 0.21 
JL-40 C 50.29 9.07 16.23 11.49 0.39 22.97 1157 380 11.90 0.77 0.14 18.51 0.03 3.04 3.76 2.30 1.64 0.77 13.02 7.02 24.45 21.07 31.24 0.34 
JL-41 C 43.78 8.26 21.30 14.29 0.44 18.89 949 261 6.22 0.63 0.11 22.60 0.03 3.64 0.91 0.96 1.37 0.72 9.61 5.88 14.87 12.46 53.08 0.42 
JL-45 C 49.09 12.26 14.03 11.48 0.51 23.81 562 237 13.93 1.53 0.18 17.38 0.05 2.37 2.59 1.44 1.49 0.65 4.98 5.48 13.14 13.28 42.36 0.29 
JL-46 C 41.76 13.45 18.01 12.90 0.35 38.29 1425 412 12.97 0.65 0.14 18.61 0.02 3.46 3.92 2.49 1.71 0.68 10.75 7.20 30.33 22.07 42.55 0.35 
JL-47 C 46.28 7.78 18.14 11.88 0.27 28.30 528 188 10.70 0.79 0.19 19.79 0.06 2.81 3.07 4.00 1.80 0.73 6.48 6.12 19.90 15.58 35.20 0.31 

Note: A. Mudstone; B. Dolomitic mudstone; C. Argillaceous dolomite; 1. SiO2 (%); 2. Al2O3 (%); 3. CaO (%); 4. MgO (%); 5. TiO2 (%); 6. Al2O3/TiO2; 7. Sr (ppm); 8. Ba (ppm); 9. Zr/Sc; 10. Th/Sc; 11. C-value; 12. Sr/Cu; 13. 
Rb/Sr; 14. Sr/Ba; 15. MoEF; 16. UEF; 17. δU; 18. V/(V + Ni); 19. Cu/Al; 20. Ni/Al; 21. Zn/Al; 22. Zr/Al2O3; 23. Li/Al; 24. Cr/Zr. 
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> 10.0 correspond to warm–humid conditions, semi-arid–humid con
ditions and arid–hot conditions, respectively (Lerman, 1978; Liu and 
Zhou, 2007). The Sr/Cu ratios of the P2l mudstone, dolomitic mudstone 
and argillaceous dolomite are 1.79–7.90 (avg. 4.01), 7.97–16.29 (avg. 
11.66) and 17.38–22.60 (avg. 19.38) respectively (Table 5), indicating 
that mudstone was formed under warm-humid and semi-arid-humid 
conditions, dolomitic mudstone was formed under semi-arid-humid 
and arid-hot conditions, and argillaceous dolomite was formed under 
arid-hot conditions. The ratios of Rb/Sr increase as the climate becomes 
more humid (Jin and Zhang, 2002; Bai et al., 2015; Wu et al., 2021). The 
Rb/Sr ratios of the P2l mudstone are significantly different from those of 
the other two types of source rocks in the study area. Compared with 
mudstone (0.08–0.73, avg. 0.33), the lower Rb/Sr ratios of dolomite 
mudstone (0.04–0.17, avg. 0.10) and argillaceous dolomite (0.02–0.06, 
avg. 0.04) also suggest relatively arid paleoclimate (Table 5). 

The C value is used to evaluate paleoclimatic changes (Zhao et al., 
2007; Moradi et al., 2016; Tao et al., 2017). C-value = Σ(Fe + Mn + Cr 
+ Ni + V + Co)/Σ(Ca + Mg + Sr + Ba + K + Na) (Turgeon and 
Brumsack, 2006; Algeo and Tribovillard, 2009). High C values (C-value 
>0.8) reflect humid paleoclimate, low C values (C-value <0.2) reflect 
arid paleoclimate, and those range from 0.2 to 0.4, 0.4 to 0.6 and 0.6 to 
0.8 reflect semiarid, semiarid to semihumid, and semihumid 

paleoclimate, respectively (Qiu et al., 2015; Moradi et al., 2016; Y. 
Zhang et al., 2020). The C values of the source rock with different li
thologies in the P2l are different (Fig. 6A). Compared with dolomitic 
mudstone and argillaceous dolomite, mudstone has higher C-values, 
ranging from 0.17 to 0.53 (avg. 0.33), indicating that most mudstones 
were deposited in semiarid and semiarid to semihumid paleoclimate; 
The C-values of dolomitic mudstones ranging from 0.13 to 0.31 (avg. 
0.20), indicating an arid and semiarid paleoclimate; Argillaceous dolo
mite, with low C-values ranging from 0.09 to 0.19 (avg. 0.14), were 
formed under arid paleoclimate (Table 5). 

The above analysis shows that the P2l source rocks in the Jimsar Sag 
were formed in an arid and hot paleoclimatic condition, which were 
similar to the P2l in the Santanghu Basin deposited at the same time (Qi 
et al., 2013; Zhang et al., 2018b; Pan et al., 2020), and is consistent with 
previous studies (Qu et al., 2019; Liu et al., 2019). This study further 
confirmed that mudstone, dolomitic mudstone and argillaceous dolo
mite were formed in different paleoclimatic conditions. Based on 
C-values, Sr/Cu and Rb/Sr ratios, it is clear that mudstone is mainly 
formed under warm-humid and semi-arid-humid conditions, dolomitic 
mudstone is mainly formed under semi-arid-humid and arid-hot condi
tions, and argillaceous dolomite is mainly formed under arid-hot con
ditions. Further analysis (Fig. 7A–C) shows that there is no significant 

Fig. 5. Crossplots of sedimentary provenances of source rock samples from the P2l in Jimsar Sag. (A) Th/Sc versus Zr/Sc (according to McLennan et al., 1993); (B) 
TiO2 versus Al2O3 (according to Hayashi et al., 1997). 

Fig. 6. Crossplots of paleo-environmental parameters of source rock samples from the P2l in Jimsar Sag. (A) Sr/Ba versus C-value; (B) Gammacerane index (GI) 
versus Pr/Ph; (C) MoEF versus UEF (modified from Algeo and Tribovillard, 2009); (D) Pr/NC17 versus Ph/NC18 (according to Connan and Cassou, 1980). 
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correlation between TOC and paleoclimate parameters in P2l source 
rocks, suggesting that paleoclimate changes did not cause significant 
changes in the organic matter enrichment degree of the P2l source rocks 
in the study area. 

Although the paleoclimate has no direct influence on the organic 
matter enrichment of source rocks in the P2l, it plays a crucial role in the 
formation of dolomite. As shown in Fig. 8A and B, a decrease in C values 
and an increase in Sr/Cu ratios correspond to an increase in the content 
of dolomite within source rocks, indicating that the arid paleoclimate is 
conducive to the development of dolomite. These trends suggest that 
paleoclimate controlled the formation of dolomite. In addition, the 
formation of dolomite requires harsh physical and chemical conditions 
(Lippmann, 1973; Brauchli et al., 2015), the first condition is a high 
Mg/Ca ratio of the water column, and the second is to break the rigid 
hydration shell around Mg2+ under microbial activity or high temper
ature conditions (Lippmann, 1973; Petrash et al., 2017; Cheng et al., 
2021). During the deposition period of the P2l, frequent hydrothermal 
activity in the study area could provide a large amount of Mg2+ (Nish
iyama et al., 2001; Kenward et al., 2009; Zhang et al., 2015; Rakocinski 
et al., 2018; Meng et al., 2022). Under the arid-hot paleoclimate con
dition, the evaporation of lake water leads to the increase of the Mg2+

concentration of water and Mg/Ca ratio, which was conducive to the 
precipitation of dolomite (Sadooni et al., 2010; Dunham et al., 2020; Wu 
et al., 2022). In addition, recent studies have shown that frequent 

hydrothermal and microbial activity during the sedimentary period of 
the P2l also play an important role in the formation of dolomite (Zhang 
et al., 2018a; Sun et al., 2021, 2022; Wu et al., 2022). The hydrothermal 
activity raised the heat flow background value of the lake basin, and 
high temperature hydrothermal condition breaks the dynamic barrier of 
dolomite formation (Zhang et al., 2018a; Wu et al., 2022). The metabolic 
activity of microorganisms can increase the pH value of fluid, CO3

2−

concentration and decrease SO4
2− concentration, which is beneficial to 

the precipitation of dolomite at a normal temperature (Slaughter and 
Hill, 1991; Wright, 1997; Warthmann et al., 2000; Kenward et al., 2009; 
Sun et al., 2021, 2022). In conclusion, hydrothermal fluids and micro
bial activity may have provided suitable thermodynamic and dynamic 
conditions for the formation of dolomite, and the periodic change of 
paleoclimate is the main factor that causes the frequent interbedding 
distribution of fine grained rocks (mudstone, dolomitic mudstone and 
argillaceous dolomite) with different dolomite content in the P2l. 

5.2.2. Paleosalinity 
Salinity has a significant influence on the paleoenvironment and 

organic matter accumulation of lacustrine systems (Ma et al., 2016; Pan 
et al., 2020; Wu et al., 2021). Salinity can exert a crucial control on the 
water column stratification of lacustrine systems, thereby influencing 
the redox environment at the bottom of the lake (Eugster and Hardie, 
1978; Wei et al., 2018). Generally, the bottom of the saline lake basin 

Fig. 7. The correlation between TOC and paleoclimate parameter (A–C: C-value, Sr/Cu, Rb/Sr), paleosalinity parameter (D–F: Sr/Ba, Gammacerane index, β-car
otane index), and redox indicators (G–I: δU, V/(V + Ni), Pr/Ph) of source rock samples from the P2l in Jimsar Sag. 
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forms a reducing environment with good preservation conditions, which 
is conducive to the deposition of organic-rich source rocks (Ma et al., 
2016; Pan et al., 2020). In this study, Sr/Ba ratio and gammacerane 
index are used to evaluate paleosalinity. 

Most studies have demonstrated that the Sr/Ba is widely used to 
evaluate the salinity of water bodies, the ratios of >1.0, 1.0–0.6, and 
<0.6 were indicative of salt water, brackish water, and freshwater 
(Rohling, 2000; Custodio, 2002; Zhang et al., 2018b). The Sr/Ba ratios in 
mudstone, dolomitic mudstone and argillaceous dolomite of the P2l are 
0.21–1.41 (avg. 0.74), 0.82–2.50 (avg. 1.80) and 2.37–3.64 (avg. 3.06), 
respectively (Table 5), indicating that the salinity of water column 
increased gradually during the sedimentary period from mudstone, 
dolomitic mudstone to argillaceous dolomite. Mudstone was deposited 
in freshwater to saline water environments, dolomitic mudstone was 
deposited in brackish to saline water environments, and argillaceous 
dolomite was deposited in saline water environments. Although the 
gammacerane index and β-carotane index cannot be used directly to 
indicate the salinity of the water column, a high abundance of gam
macerane tends to indicate saline and stratified water columns (Sin
ninghe Damsté et al., 1995; Liu et al., 2017; Martins et al., 2020; Xia 
et al., 2021), and a high abundance of β-carotane is often associated with 
evaporation, high salinity, and anoxic environments (Murphy et al., 
1967; Hopmans et al., 2005; Ding et al., 2020; Peters et al., 2005; Xia 
et al., 2021). As shown in Figs. 6B and 7E and F, the gammacerane index 
and β-carotane index of mudstone, dolomitic mudstone and argillaceous 
dolomite indicate that they were deposited in a saline and stratified 
water column. In addition, the salinity of the water column increases 
successively during the sedimentary period from mudstone, dolomitic 
mudstone to argillaceous dolomite. 

In conclusion, source rocks of the P2l in the Jimsar Sag were 
deposited under a saline and stratified water column, which is consistent 
with previous studies (Su et al., 2019b; Zhang et al., 2019a; Ding et al., 
2020). This study further confirmed that mudstone, dolomitic mudstone 
and argillaceous dolomite were deposited under different salinity con
ditions of the water columns, according to Sr/Ba ratios, gammacerane 
index and β-carotane index. Moreover, As shown in Fig. 8C and D, with 
the increase of Sr/Ba ratios, C values decrease and Sr/Cu ratios increase, 
which suggests that the changes in water column salinity are mainly 
controlled by paleoclimate conditions. Further analysis (Fig. 7D–F) 

showed that the correlation between TOC and paleosalinity parameter is 
very low, suggesting that the paleosalinity is not a key factor controlling 
the organic matter enrichment. 

5.2.3. Redox conditions 
The redox conditions greatly affect the preservation of OM in 

lacustrine systems, thereby affecting the enrichment of organic matter 
(Bechtel et al., 2012; Strobl et al., 2014; Hackley et al., 2016). 
Redox-sensitive elements (eg. U, Mo, V, Ni) and biomarker parameters 
(eg. Pr/Ph, Pr/NC17, Ph/NC18) are useful indicators to evaluate redox 
conditions of the water column (Peters and Moldowan, 1993; Jones and 
Manning, 1994; Sarki Yandoka et al., 2015; Algeo and Liu, 2020). 
Cross-plotting UEF vs. MoEF (EF = enrichment factor; TEEF = (TE/Al)
sample/(TE/Al)PAAS), a method for redox assessment, was applied to 
reflect redox environments, where MoEF and UEF <10 reflect suboxic 
conditions whereas greater values reflect anoxic and euxinic conditions 
(Algeo and Tribovillard, 2009; Tribovillard et al., 2012). As shown in 
Fig. 6C, the UEF and MoEF of fine-grained mixed sedimentary rocks in P2l 
range from 0.83 to 4.16 (avg. 1.98) and 0.81 to 6.35 (avg. 2.63), indi
cating a stable and suboxic water column conditions. In addition, the δU 
values (δU = 2U/(U + Th/3) and V/(V + Ni) ratios can also reflect redox 
conditions. δU<1.0 and δU>1.0 correspond to aerobic and anoxic con
ditions, 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 (Jones and 
Manning, 1994). The δU values and V/(V + Ni) ratios of fine-grained 
mixed sedimentary rocks in P2l were 1.33–1.83 (avg. 1.61), 0.65 to 
0.81 (avg. 0.73), respectively (Table 5), suggesting that mudstone, 
dolomitic mudstone and argillaceous dolomite were deposited under a 
suboxic to anoxic environment. 

Among biomarkers, N-alkanes and isoprenoid alkanes are commonly 
used to reflect redox conditions. Pr/Ph ratios of <0.8 and >3.0 corre
spond to typical anoxic conditions and oxic conditions, respectively (ten 
Haven et al., 1987; Peters and Moldowan, 1993). The crossplot of 
Pr/NC17 vs. Ph/NC18 can also reflect the redox environment of the water 
column (Shanmugam, 1985; Sarki Yandoka et al., 2015). As shown in 
Fig. 6B, the Pr/Ph of the P2l mixed sedimentary rocks ranges from 0.75 
to 1.36 (avg.1.04), reflecting a suboxic to anoxic water column. These 
results are also confirmed by the crossplot of Pr/NC17 vs. Ph/NC18 

Fig. 8. The correlation of paleoclimate parameter (Sr/Cu; C-value) versus dolomite content and Sr/Ba of source rock samples from the P2l in Jimsar Sag.  
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(Fig. 6D). 
In conclusion, the analysis results of elemental and organic 

geochemical indicators reached the same conclusion. Mudstone, dolo
mitic mudstone and argillaceous dolomite are wholly deposited under a 
suboxic to anoxic water column, and the redox conditions of the water 
column present a minor variation. Further analysis (Fig. 7G–I) showed 
that the correlation between TOC and redox parameter is considerably 
low. However, the weak correlation between TOC and redox parameters 
does not mean that redox conditions exert no impact on the enrichment 
of organic matter in the study area. The reason is that during the 
deposition of the P2l fine-grained mixed rocks, the lake basin water was 
stratified with high salinity, which promoted the formation of a suboxic 
to anoxic bottom water environment, resulting in better preservation of 
organic matter in the whole deposition process. Therefore, this relatively 
reducing condition is also an important factor conducive to the organic 
matter enrichment of the source rocks in the study area. 

5.3. Organic matter origin and primary productivity 

5.3.1. Organic matter origin 
In lacustrine basins, organic matter origin can be divided into 

endogenous organic matter and exogenous organic matter, among 
which endogenous organic matter mainly comes from algae, fungi and 
plankton in lakes, while exogenous organic matter mainly comes from 
terrestrial higher plants (Volkman, 1986; Peters and Moldowan, 1993). 
The source of organic matter is usually determined by the primary 
productivity and paleoenvironment during the deposition of organic 
matter (Ercegovac and Kostić, 2006; Ding et al., 2017). At present, 
organic matter origin is usually analyzed based on some good proxies 
such as organic macerals and biomarkers parameters (Tyson, 1995; 
Frimmel et al., 2004; Strobl et al., 2014). 

Maceral analysis revealed that the organic macerals of the P2l source 
rocks are mainly composed of alginite, especially lamalginite (Fig. 3A 
and B). Lamalginite is common in brackish lacustrine source rocks, and 
records the geological history of algal growth, bloom, death and burial, 
reflecting the seasonal turnover of lake water (Wittkop et al., 2009; 
Hakimi et al., 2016; Liu et al., 2017). The high content of alginite in
dicates that the algae have an important contribution to the input of 
organic matter. In addition, the proportion of terrigenous organic matter 
(sporinite, vitrinite and inertinite) of the P2l source rocks is not very 
high, indicating that terrigenous higher plants are not the principal 
source of organic matter. 

The thermal evolution of P2l source rocks in the study area is in the 
low mature to mature stage. Therefore, the distribution characteristics 
of N-alkanes can reflect the type combination of organic matter input in 
source rocks and indicate the relative amount of terrestrial and aquatic 
organic matter (Brassell et al., 1978; Ding et al., 2017). The N-alkanes of 
the P2l source rocks present a distribution pattern of single peak and 
front (Fig. 4A), with a relatively high NC21

− /NC22
+ ratio (0.69–1.85, avg. 

1.11) (Table 4), indicating that the organic matter in the source rocks is 
mainly composed of aquatic organisms, followed by terrestrial higher 
plants (Bechtel et al., 2007). Moreover, the cross-plot between Pr/NC17 
and Ph/NC18 was accordant with the above-mentioned results (Fig. 6D). 

The relative abundance of C27, C28 and C29 regular steranes is often 
used to reflect the source of organic matter (Seifert and Moldowan, 
1978; Huang and Meinschein, 1979). In general, C27 regular steranes are 
mainly derived from aquatic organisms such as zooplankton and algae 
(Mackenzie et al., 1982). C28 regular steranes indicate specific phyto
plankton types, such as diatoms and cyanobacteria containing 
chlorophyll-c (Knoll et al., 2007). This study suggests that the C28 reg
ular steranes in P2l source rocks are mainly derived from cyanobacteria 
rather than diatoms. Firstly, fossil remains show that diatoms originated 
in the Jurassic or Cretaceous, with a large time interval from the 
Permian Lucaogou Formation (Grantham and Wakefield, 1988). Sec
ondly, previous studies have confirmed that modern cyanobacteria 
grown in glucose petri dishes can produce large amounts of ergosterol 

(1033.3 μg/g), which is a bioprecursor of C28 regular steranes (Fagundes 
et al., 2019). Thirdly, studies on modern cyanobacteria have shown that 
the growth of cyanobacteria produces a high concentration of extra
cellular polymers (EPS), which appear as wavy anastomosing lamal
ginite in organic macerals (Fig. 3B) (Wingender et al., 1999; Hu, 2011). 
In addition, Liu et al. (2022) confirmed that the C28 regular steranes in 
the P2l source rocks were derived from cyanobacteria based on the 
morphological characteristics of algae in the organic maceral and the 
isotopic composition of source rock kerogen. 

C29 regular steranes are usually derived from terrestrial higher plants 
(Volkman, 1986; Hao et al., 2011). In recent years, it has been reported 
that C29 regular steranes can also be derived from some microalgae, such 
as green algae (Volkman et al., 1998; Ding et al., 2019). This study 
suggests that the abundant C29 regular steranes in the P2l source rocks 
are mainly derived from green algae rather than terrestrial higher 
plants. Firstly, if the abundant C29 regular steranes in the P2l source 
rocks were mainly derived from terrigenous higher plants, it is incon
sistent with the I-II1 organic matter type of the P2l source rocks ac
cording to the pyrolysis parameters (Fig. 2B). Secondly, the low 
abundance of long chain N-alkanes (NC27-31) and the low content of 
terrigenous OM in organic macerals also indicate the low contribution of 
terrigenous organic matter (Fig. 4A and B; Table 2). Thirdly, C29 regular 
steranes were abundant in the Ordovician source rocks of some basins in 
the USA, when green algae and dinoflagellates were widely distributed 
and there were no higher plants (Ryder et al., 1998). During the 
Permian, green algae were abundant and dinoflagellates relatively rare 
(Grantham and Wakefield, 1988), when the P2l source rocks were 
deposited with abundant C29 regular steranes, similar to the Ordovician 
case above. In addition, previous studies based on organic petrography, 
molecular geochemistry and element geochemistry have also confirmed 
that C29 regular steranes in the P2l are derived from salt-tolerant green 
algae (Liu et al., 2022; Zhi et al., 2023). Therefore, it can be inferred that 
abundant C29 regular sterane in the P2l source rocks is a sign of the 
source of halotolerant green algae (Fu et al., 1990; Xia et al., 2021). 

Fig. 9A–C demonstrates a significant correlation between the 
composition of regular steranes and the gammacerane index, indicating 
that the salinity of the water column is an important factor affecting the 
organic matter composition of the source in the lake basin. The salinity 
of the lake basin water column was significantly affected by paleo
climate (Fig. 8C and D). During arid paleoclimate conditions, evapora
tion could increase the salinity of the water column, resulting in a 
decrease in the proportion of freshwater algae (mainly bioprecursors of 
C27 regular steranes) (Fig. 9A), and an increase in the proportion of 
halotolerant cyanobacteria (mainly bioprecursors of C28 regular ster
anes) and halotolerant green algae (mainly bioprecursors of C29 regular 
steranes) in endogenous organic matter (Fig. 9B and C). As shown in 
Fig. 9B, with the increase of gammacerane index, the abundance of C28 
regular steroids first increased and then decreased, mainly because 
cyanobacteria (which mainly provide bioprecursors of C28 regular 
steranes) are slightly halotolerant organisms (Warren, 2016). As a result, 
the development of cyanobacteria in the high-salinity water column will 
be limited due to cell membrane damage and reduced enzyme activity 
(Singh et al., 2022). In addition, the arid paleoclimate conditions led to 
an increase in the salinity of the lake water column, which was condu
cive to the formation of dolomite and promoted the deposition of 
dolomitic mudstone and argillaceous dolomite. This is the primary 
reason why the abundance of C27 regular steranes (indicating freshwater 
algae) in dolomitic mudstone and argillaceous dolostone is lower than 
that in mudstone, and the abundance of C28 and C29 regular steranes 
(indicating halotolerant cyanobacteria and green algae) is higher than 
that in mudstone (Fig. 10A–C). Therefore, the paleoclimate, by 
enhancing the intensity of evaporation and the salinity of the water 
column, resulted in significant differences in the proportions of algae 
species (freshwater algae, halotolerant cyanobacteria and green algae) 
in mudstone, dolomitic mudstone and argillaceous dolostone. 

Further analysis (Fig. 10A–C) showed that the correlation between 

W. Zeng et al.                                                                                                                                                                                                                                    



Marine and Petroleum Geology 156 (2023) 106452

14

TOC and the proportion of C27, C28 and C29 regular steranes in regular 
steranes are considerably low, indicating that the change of algae spe
cies (freshwater algae, halotolerant cyanobacteria and green algae) is 
not the main factor affecting the enrichment of organic matter. How
ever, a positive relationship between TOC and alginate/terrestrial OM 
(Fig. 11A), indicating that the increasing proportion of algal organic 
matter has a significant contribution to the improvement of the abun
dance of organic matter in the source rocks, thus the increasing 

contribution of algal organic matter relative to the terrigenous organic 
matter has a favorable influence on the enrichment of organic matter. 

5.3.2. Primary productivity 
Some trace elements in sediments can reflect primary productivity, 

such as Cu, Ni and Zn (Tribovillard et al., 2006; Schoepfer et al., 2015). 
Cu, Ni, and Zn exist mainly in organisms as nutrient elements, combine 
with organic matter to form organic complexes and precipitate at the 

Fig. 9. Crossplots of regular steranes (C27–C29) versus gammacerane index of source rock samples from the P2l in Jimsar Sag.  

Fig. 10. The correlation between TOC and organic matter origin parameters (A–C: C27, C28, C29 regular sterane), primary productivity parameters (D–F: Cu/Al, Ni/ 
Al, Zn/Al) of source rock samples from the P2l in Jimsar Sag. 
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bottom of a lake or sea (Martin and Knauer, 1973; Boyle et al., 1977; 
Pruyers et al., 1991; Algeo and Maynard, 2004). Therefore, the accu
mulation of Cu, Ni and Zn in sediments is usually derived from the input 
of organic matter (Algeo and Maynard, 2004; Tribovillard et al., 2006; 
Schoepfer et al., 2015; Li et al., 2020). The elemental ratios Cu/Al, Ni/Al 
and Zn/Al, which eliminate the impact of terrigenous detrital, are 
effective indicators for evaluating primary productivity (Tribovillard 
et al., 2006; Schoepfer et al., 2015; Zeng et al., 2015). The higher ratios 
of Cu/Al, Ni/Al and Zn/Al, generally suggest a greater level of primary 
productivity (Tribovillard et al., 2006; Shen et al., 2014, 2015; Pan et al., 
2020). 

In comparison of Cu/Al (avg. 3.11), Ni/Al (avg. 5.48) and Zn/Al 
ratios (avg. 8.84) in the post-Archean Australian shale (Taylor and 
McLennan, 1985; McLennan, 1989), the source rocks of the P2l have 
higher Cu/Al ratios of 3.14–18.19 (avg. 9.58), Ni/Al ratios of 3.42–9.65 
(avg. 5.93), Zn/Al ratios of 7.25–38.05 (avg. 20.49) are found to indi
cate a higher level of primary productivity. The geochemical parameters 
(Cu/Al, Ni/Al and Zn/Al ratios) reflecting the primary productivity of 
mudstone, dolomitic mudstone and argillaceous dolomite are not 
significantly different, while the above parameters fluctuate widely in 
source rocks of the same lithology type (Fig. 10D–F). Moreover, a pos
itive correlation between TOC and primary productivity parameters 
(Cu/Al, Ni/Al and Zn/Al ratios) suggests that organic matter enrichment 
in the P2l source rocks is mainly controlled by primary productivity 
(Fig. 10D–F). The primary productivity of the P2l source rocks fluctuates 
greatly, which is influenced by the large-scale volcanic activity of 
Permian in Junggar Basin during the sedimentary period (Zhang et al., 
2015; Hackley et al., 2016; Ding et al., 2017, 2020; Meng et al., 2022). 
Previous studies have confirmed the existence of tuffaceous detrital 
materials in the P2l source rocks based on thin section observations, 
indicating that volcanic activity influences the formation of source rocks 
(Ding et al., 2019; Su et al., 2019b; Zhang et al., 2019b; Meng et al., 
2022). In addition, the Zr/Al2O3 ratio is considered to reflect the input of 
fine grained volcaniclastic particles and can be used as a relatively 
reliable geochemical indicator of volcanic ash input within fine-grained 
sediments (Suzuki et al., 1998; Pujol et al., 2006; Yang et al., 2022). The 
positive correlation between TOC and Zr/Al2O3 ratios (Fig. 12) indicates 
that the input of volcanic ash has an obvious promoting effect on the 
primary productivity of the P2l source rocks. When the volcanic activity 
is strong, Cu, Ni and Zn as nutrient elements carried by the volcanic ash 
fertilize the surface water, stimulate the flourishing of algae and 
enhance the primary productivity of lacustrine systems (Kurenkov, 
1966; Erbacher et al., 1996; Delmelle et al., 2007; Langmann et al., 
2010; Olgun et al., 2013; Li et al., 2021b; Pan et al., 2022). Conversely, 

during intermittent or weak periods of volcanic activity, algae growth is 
limited and primary productivity is relatively low. 

5.4. Hydrothermal activity 

XRD analysis results show that the P2l source rock has a high 
plagioclase content (6.0–61.0%, avg. 29.63%) and dolomite 
(1.0–67.0%, avg. 27.15%), respectively (Table 1), which are similar to 
the typical hydrothermal sedimentary rocks of the Lower Cretaceous in 
the Hari Sag, Yinyue Basin (Chen et al., 2018). Moreover, previous 
studies have shown that the P2l fine-grained sedimentary rocks were 
affected by hydrothermal activity, according to the petrographic 
observation, mineralogy and geochemical characteristics (Li et al., 
2021a; Meng et al., 2022; Tao et al., 2022; Wu et al., 2022). Combined 
with the triangular plot of Ni–Co–Zn and Fe–Mn-(Cu + Co + Ni) × 10, 
most of the P2l source rock samples fall within the hydrothermal 
deposition fields, indicating that hydrothermal activity participated in 
the formation of source rocks through multi-stage physical and chemical 
processes (Fig. 13A and B). 

Previous studies have confirmed that Li/Al and Cr/Zr ratios can 
indicate the intensity of hydrothermal activity (Marchig et al., 1982; 
Pisarskii et al., 1998; Pujol et al., 2006; Tao et al., 2022). The Li/Al ratios 
of the P2l mudstone, dolomitic mudstone and argillaceous dolomite in 
the study area are 5.62–21.23 (avg. 12.77), 10.84–36.80 (avg. 23.64) 
and 31.24–53.08 (avg. 40.89), respectively (Table 5). Cr/Zr ratios are 
0.15–0.29 (avg. 0.22), 0.21–0.36 (avg. 0.28) and 0.29–0.42 (avg. 0.34), 
respectively (Table 5). The results indicate a gradual increase in the 
intensity of hydrothermal activity during the sedimentary period from 
mudstone, dolomitic mudstone to argillaceous dolomite. Naturally, 
frequent hydrothermal activity is typically indicative of heightened 
tectonic activity, and the occurrence of modern hydrothermal activity is 
always associated with tectonic activity (Gamo et al., 1996; Canales 
et al., 2007; Suo et al., 2017; Xu et al., 2023). Therefore, the contribution 
of hydrothermal activity caused by tectonic activity to the formation of 
mixed sedimentary rocks cannot be ignored. As shown in Fig. 14A and B, 
the content of Mg in the P2l source rock samples increased significantly 
with the enhancement of hydrothermal activity, the main reason is that 
the hydrothermal fluid was probably alkaline water, rich in Mg2+, Ca2+

and CO3
2− (Kenward et al., 2009). During the sedimentary period of the 

P2l, varying degrees of tectonic activity resulted in hydrothermal ac
tivity of different intensities. The hydrothermal fluids carrying various 
metal ions (such as Mg, Fe, etc.) into the lake basin along the fault and 
fissure, which provided abundant sources of magnesium ions for the 
formation of dolomite. Further analysis (Fig. 14C and D) showed that 

Fig. 11. Crossplots of TOC versus alginate/terrigenous OM in organic macerals 
of source rock samples from the P2l in Jimsar Sag. 

Fig. 12. Crossplots of TOC versus Zr/Al2O3 of source rock samples from the P2l 
in Jimsar Sag. 
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TOC had no significant correlation with the ratios of Li/Al and Cr/Zr, 
indicating that the intensity of hydrothermal activity was not the main 
factor affecting the organic matter enrichment in the P2l fine grained 
sedimentary rocks. 

5.5. Formation mechanisms of organic-rich mixed sedimentary rocks 

The above analysis shows that the study area was in a relatively 
stable saline lacustrine sedimentary environment during the deposition 
of the P2l source rocks (Qiu et al., 2016; Tao et al., 2022), which created 
favorable conditions for the formation of organic-rich source rocks. 
During this period, the distribution area of felsic volcanic rocks in Shaqi 
and Santai uplifts, as sediment provenances, can provide some terrige
nous clastic material for the study area. As mentioned above, there are 
obvious differences in the paleoenvironment during the deposition of 
mudstone, dolomitic mudstone and argillaceous dolomite. The paleo
climate of the mudstone deposition period is more humid than that of 

the dolomitic mudstone and argillaceous dolomite deposition period, 
and the evaporation is weak. Moreover, the hydrothermal activity is 
relatively weak. Therefore, the salinity and the Mg2+ concentration of 
the water column in the lake basin are relatively low, which is not 
conducive to the precipitation of dolomite, resulting in a low content of 
dolomite in mudstone. Compared with mudstone, dolomitic mudstone 
and argillaceous dolomite were deposited under more arid paleoclimate 
conditions, and evaporation was further enhanced by arid paleoclimate. 
The hydrothermal fluids carried mantle source materials into the lake
bed, where a large amount of Mg2+ input and arid-hot paleoclimate 
jointly promoted the mass precipitation of dolomite, leading to the 
formation of dolomitic mudstone and argillaceous dolomite. Therefore, 
the interbedded deposits of different types of mixed sedimentary rocks 
in the saline lacustrine basin of the P2l were formed as a result of the 
frequent changes in paleoclimate conditions and hydrothermal activity. 

During the sedimentary period from mudstone, dolomitic mudstone 
to argillaceous dolomite, the paleoclimate conditions tended to be 

Fig. 13. (A) Triangular plot of Ni vs. Co vs. Zn after Choi and Hariya, 1992. (B) Triangular plot of Fe vs. Mn vs. (Cu + Co + Ni) × 10 after Crerar et al., 1982.  

Fig. 14. Crossplots of MgO versus Li/Al (A); MgO versus Cr/Zr (B); TOC versus Li/Al (C); TOC versus Cr/Zr (D).  
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increasingly arid-hot, and the salinity of the water column gradually 
increased. The increased salinity of the water column exerts a significant 
effect on the change of algae species, which can increase the proportion 
of organic matter of halotolerant algae (cyanobacteria, green algae) 
relative to freshwater algae, resulting in a higher proportion of hal
otolerant algae organic matter in dolomitic mudstone and argillaceous 
dolomite than mudstone. As the salinity of the water column increased, 
the salt water environment further reduces the proportion of freshwater 
algae, resulting in a decrease in biodiversity, while the biomass does not 
decrease. Saline lakes are not the traditionally thought “biological de
serts” (Warren, 2016). As the salinity of the water column increases, 
halotolerant algae (e.g., cyanobacteria, green algae, etc.) can replace 
freshwater algae and thrive in evaporative saltwater environments (Xia 
et al., 2021). 

Volcanic activity played a key role in the enrichment of organic 
matter in source rocks. Although excessive input of volcanic materials 
can reduce the transparency of the water column, which is not condu
cive to the growth and development of organisms in the lake (Liu et al., 
2021), the study area is located at the middle-distal distance from the 
volcanic eruption area (Mao et al., 2012; Meng et al., 2022), and the 
volcanic ash carried by the wind falls into the lake, bringing appropriate 
nutrients to the lake basin. During the strong period of volcanic activity, 
the input of volcanic ash provided abundant nutrients for algae to 
flourish and significantly promoted primary productivity, which is the 
key factor of organic matter enrichment in the mixed sedimentary rocks 
of the P2l in the study area. In addition, the high salinity in the saline 
lake basin resulted in stratification of the water column, coupled with 
oxygen consumption by massive algal blooms, enhanced the anoxia of 
the bottom water, which is suggested to be beneficial for the preserva
tion of organic matter. 

In conclusion, high primary productivity, strong preservation con
ditions, changes in paleoclimate and hydrothermal activity jointly pro
moted the formation of the P2l organic-rich mixed sedimentary rocks. 
The change of paleoclimate conditions and hydrothermal activity in
tensity mainly controls the formation of source rocks with different li
thologies, the resulting change in salinity is the main factor contributing 
to the increased proportion of halotolerant algae in dolomitic mudstone 
and argillaceous dolomite. Additionally, the improvement in the pri
mary productivity caused by volcanic activity is the key factor for the 
enrichment of organic matter in the mixed sedimentary rocks. 

5.6. Implications 

Taking the Lucaogou Formation in Jimsal Sag as an example, this 
study revealed the differences in the formation mechanism of mixed 
sedimentary rocks (mudstone, dolomitic mudstone and argillaceous 
dolomite) in a saline lake basin, which has the following implications for 
subsequent research work: (1) The organic geochemical parameters, 
including the gammacerane index, β-carotane index and relative abun
dance of regular steranes of (C27, C28 and C29), exhibit variations among 
mixed sedimentary rocks with different lithologies. According to these 
differences, the crude oil generated from different source rocks can be 
distinguished, which provides a basis for the oil-source correlation of the 
P2l in the Jimsar Sag. This is conducive to oil and gas exploration in the 
study area; (2) In both ancient and modern salt lakes, the gradual in
crease in water column salinity leads to a replacement of freshwater 
algae by halotolerant algae (e.g., cyanobacteria, green algae, etc.). 
Therefore, a comparison and analysis of the differences in hydrocarbon 
generation kinetics, evolution and models in the P2l source rocks derived 
mainly from freshwater algae and halotolerant algae can be conducted 
to further investigate whether changes in algae species lead to variations 
in hydrocarbon generation mechanism; (3) The lake water in saline lake 
basins usually exhibits high salinity and stable salinity stratification, 
resulting in anoxic conditions in the bottom water, which is conducive to 
the preservation of organic matter. Consequently, variations in primary 
productivity are likely the decisive factor behind differences in organic 

matter abundance among source rocks from various continental saline 
lacustrine basins. 

6. Conclusions  

(1) The mixed sedimentary strata of the P2l in Jimsar Sag are mainly 
composed of mudstone, dolomitic mudstone and argillaceous 
dolomite. The source rock with different lithologies has a high 
abundance of organic matter, and the type of OM is mainly type I 
and type II1. All of them have high hydrocarbon generation po
tential and may form organic-rich source rocks.  

(2) The periodic changes in paleoclimate and hydrothermal activity 
control the formation of different types of mixed sedimentary 
rocks. During the sedimentation period of the P2l in the study 
area, the salinity of the water column gradually increased as the 
paleoclimate gradually changed from warm-humid to air-hot and 
the enhancement of hydrothermal activity, resulting in the for
mation of mudstone, dolomitic mudstone and argillaceous dolo
mite successively.  

(3) The organic matter of the mixed sedimentary rocks in the P2l is 
mainly derived from aquatic organisms such as algae, while the 
contribution of higher plants is minor. Paleoclimate and hydro
thermal activity caused changes in the salinity of the water col
umn in the lake basin. The increased salinity of the water column 
increased the proportion of halotolerant algae (cyanobacteria, 
green algae) relative to freshwater algae.  

(4) During the sedimentary period of the P2l, the continuous suboxic 
to anoxic bottom water environment was more conducive to the 
preservation of organic matter, and the increase of primary pro
ductivity caused by volcanic activity was the most critical factor 
to promote the enrichment of organic matter in the mixed sedi
mentary rocks. 
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