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Abstract
In this study, Pediastrum has been observed in the Anjihaihe Formation (E2+3a) shale through organic petrology studies. 
Additionally, analyses of total organic carbon and rock pyrolysis (Rock–Eval) revealed that the E2+3a shale predominantly 
comprises oil-bearing type I and II kerogen at a low-maturity stage. The organic matter (OM) in the shale is primarily con-
tributed by Pediastrum, indicating excellent original hydrocarbon generation potential. Hydrous pyrolysis was conducted on 
a Pediastrum-rich sample, and the liquid product was analyzed using gas chromatography–mass spectrometry (GC–MS) of 
the saturated fraction. It was discovered that n-C27 might serve as a characteristic biomarker indicating Pediastrum develop-
ment. During warm and humid climatic conditions, rivers transport significant amounts of freshwater and terrigenous organic 
matter (OM) into the lake, leading to an increase in felsic minerals and a relative decrease in carbonate minerals. This, in 
turn, reduces water salinity, resulting in a relative increase in the abundance of Pediastrum. Conversely, during earlier hot 
and arid climatic conditions, the input of terrigenous OM decreases, and evaporation leads to increased salinity. When the 
water’s salinity exceeds the “salinity critical point”, the Pediastrum content decreases. Finally, this study presents a forma-
tion and evolution model for the E2+3a shale in the Junggar Basin.
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Introduction

Research on organic matter (OM) in source rocks has high-
lighted the importance of spores, pollen, algae, fungi, and 
other sources (Xia et al. 2020; Yuan et al. 2023). Long-term 
oil and gas exploration has led to the successive discovery 
of various algae in continental and marine strata (Song et al. 

1995, Wang et al. 2001), which have made essential contri-
butions to hydrocarbon formation (Demaison et al. 1980; 
Qin et al. 2007; Stein 2009). The OM enrichment during 
sedimentation is influenced by various factors, such as pale-
oclimate, paleowater depth, and paleosalinity (Doner et al. 
2019). Pediastrum is a colonial green alga of the Hydrod-
ictyaceae family (Geel 2001; Komarek 2001; Krzeszowska 
2019), usually composed of 4, 8, 16, 32, 64, or 128 cells 
in a thick layer of flat disc-shaped aggregates (Zhao et al. 
2021). Pediastrum is widely distributed globally (Sun et al. 
1987; Geel et al. 1996; Komarek 2001; Geel 2001) and its 
sensitivity to climate change makes it a valuable bioindicator 
for paleoclimate studies (Geel 2001). The appearance and 
abundance changes of Pediastrum are often used to infer 
variations in water salinity and depth during the depositional 
period, which, in turn, can be used to infer the climate and 
temperature changes at that time (Whitney et al. 2012). 
Following a euthermic algal distribution, Pediastrum can 
develop at 4–36 ℃ (Wang et al. 1994). Some studies have 
suggested that Pediastrum is abundant in freshwater lakes 
and wetlands (Xiao et al. 1996; Jiang et al. 2006) and that 
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the increased Pediastrum content indicates decreased water 
salinity (Zamaloa and Tell 2005; Brenner et al. 2006; Wan 
et al. 2008). However, some other studies have emphasized 
that increased Pediastrum content indicates decreased lake 
level or shallower waters (Zheng et al. 2003; Jiang et al. 
2013). In other words, an increase in Pediastrum content 
is accompanied by an increase in water salinity (Zhu et al. 
1978; Lamb et al. 1999; Sylvestre 2002; Gosling et al. 2009).

While recognized as a significant lacustrine source rock 
in the Junggar Basin, there are limited studies available on 
the E2+3a shale, particularly regarding its geochemical char-
acteristics and sedimentary environment (Ma et al. 2020). 
According to Chen et al. (2019), the oil and gas formation 
potential of the E2+3a shale members is limited due to the 
low abundance and maturity of the organic matter (OM). 
Consequently, the level of research conducted on this shale 
is relatively low, and studies regarding its sedimentary envi-
ronment and primary OM content are contentious. Zhou 
et al. (2012) proposed that the OM of the E2+3a shale is 
predominantly composed of Pediastrum and Dinoflagel-
late, suggesting the possibility of a transgressive event in 
the lake basin’s history. In contrast, Zhu et al. (2022) sug-
gested that Dinoflagellate serves as the main producers of 
OM, deposited in freshwater lacustrine facies. Wang et al. 
(2021) suggested that the E2+3a shale was primarily depos-
ited under continental brackish water conditions, without 
conducting OM analysis. Conversely, Wang et al. (2019) 
linked the E2+3a shale to a continental saline lake basin based 
on their study of dolomite genesis. Yu et al. (2023) pro-
posed that the OM in the E2+3a shale is mainly composed of 
Pediastrum and possesses excellent hydrocarbon generation 
potential. However, systematic analysis of the developmental 
environment of its high-quality shale has not yet been con-
ducted. The aforementioned studies on OM were limited to 
the microscopic examination of kerogen and they did not 
involve its characteristic biomarkers. Therefore, based on 
the geochemical characteristic analysis of the E2+3a shale, 
this study focused on the main OM of the E2+3a shale, its 
characteristic biomarkers, and its development model.

Geological settings

The Junggar Basin, which has been proven to be abundant 
in hydrocarbon resources, is located in northwest China 
(Bai et al. 2016; Xu et al. 2017; He et al. 2019). The basin 
has experienced four stages of evolution: pre-Carboniferous 
basement formation, Carboniferous-Permian further devel-
opment, Mesozoic Paleogene inland lake basin and Neogene 
Quaternary intense compression, and consists of six primary 
structural units at present (Fig. 1a) (Tang et al. 2022; Tian 
et al. 2022).

The Ziniquanzi Formation (E1+2z) comprises a rich vari-
ety of sedimentary facies, including alluvial fan, fluvial, 
and fan delta deposits. In contrast, the Anjihaihe Formation 
(E2+3a) is characterized by the presence of stable lacustrine 
fine-grained deposits, indicative of a tranquil lake environ-
ment (Qin et al. 2014; Yu et al. 2023). During the E1+2z 
sedimentary period, the lithology predominantly consisted 
of oxidized mudstone (Wang et al. 2020). Conversely, in 
the stable tectonic environment of the E2+3a period, a set of 
gray-green, greenish-gray, and gray-black shales was depos-
ited. (Wang et al. 2020; Yu et al. 2022) (Fig. 1b). Since the 
Neogene, E2+3a in the northern part of the basin has suf-
fered strong denudation, with the E2+3a depositional center 
being at the southern margin of the central depression and 
the piedmont thrust belt (Fig. 1a).

Sampling and methods

This study is an extension of the study by Yu et al. (2023) 
on Pediastrum and mainly focuses on the characteristic bio-
markers of Pediastrum and its enrichment mechanism. In 
addition to the samples analyzed by Yu et al. (2023), this 
study included additional samples and conducted supple-
mentary tests. The samples analyzed in this study, as well as 
those by Yu et al. (2023), were processed in the same batch, 
ensuring comparability of the data. All 69 samples were col-
lected from the E2+3a shale, including eight outcrop samples 
from the Anjihaihe outcrop (44° 62′ N, 85° 61′ E) (Fig. 1a, 
c, and d), nine core samples from well DS, and fifty-two 
cutting samples from wells Fw and Tw (Fig. 1a).

All the samples were analyzed for organic petrology, total 
organic carbon (TOC), and rock pyrolysis (Rock–Eval). Ini-
tially, each sample was crushed to a particle size smaller 
than 0.2 mm. Approximately 100 mg of the samples were 
treated with a 5% dilute hydrochloric acid solution, followed 
by thorough rinsing with distilled water. Subsequently, the 
samples were dried at 60 °C oven for a duration of 12 h. 
The determination of Total Organic Carbon (TOC) content 
was conducted using a LECO CS-230 carbon and sulfur 
analyzer. Pyrolysis parameters were established using an 
OGE-II workstation at similar conditions, with an initial 
temperature of 300 °C. The temperature was incrementally 
raised to 600 °C under inert conditions, utilizing nitrogen 
as the carrier gas, at a heating rate of 25 °C/min. A Leica 
DM4500P/DFC450C optical microscope was used in the 
experiment. The mineral composition of 25 samples was 
observed, and their organic maceral components were quan-
titatively analyzed. Quantification was performed based on 
an image processing method, using no fewer than 30 photos 
for each sample, The specific operational method follows the 
description provided by Xie et al. (2013).
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Seventeen outcrops and core samples were selected for 
scanning electron microscopy (SEM) and energy-dispersive 
spectroscopy (EDS) analysis. The sample utilized for SEM 
and EDS analyses was a small core fragment. The surface 
underwent polishing using argon ions, and a layer of Au was 
plated to enhance conductivity. SEM analysis was conducted 
using an FEI Quanta 200F instrument. OM and typical 
minerals were analyzed employing an EX-250 energy spec-
trometer. Trace element analysis were conducted on eight 
outcrop samples. The trace element contents of the samples 
were tested and analyzed under standard temperature and 
humidity conditions utilizing a NexION300D plasma mass 
spectrometer. Detection methods and standards adhered to 

GB/T 14506.30–2010. Whole-rock X-ray diffraction (XRD) 
were conducted on eight outcrop samples. The mineral com-
position serves as a crucial foundation for analyzing rock 
deposition and diagenesis, playing a vital role in investiga-
tions within these domains. For this purpose, a Rigaku TTR 
multifunctional X-ray diffractometer was utilized, operating 
at a scanning rate of 2°/min (2θ) and covering a scanning 
range of 5–45° (2θ).

Hydrous pyrolysis was performed on AJH-4 and the reac-
tion residue, expelled oil, and residual oil were obtained. 
The size and weight of the sample for hydrous pyrolysis 
were consistent with those in Yu et al. (2023). The sam-
ple was heated to the set temperature at 2 ℃/min using a 

Fig. 1   a Geologic map of the Junggar Basin. b Stratigraphic column of the Cenozoic of the Junggar Basin. c Sampling photo of Anjihaihe out-
crop. d Lithological description and sampling points of Anjihaihe outcrop. Note: “AJH-1”- “AJH-8”, ID of outcrop samples
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GPM-3 hydrocarbon generation simulator and kept constant 
for 24 h. The set temperatures were 280, 300, 330, 350, 370, 
and 500 °C. Liquid hydrocarbons obtained directly from the 
reactor, while residual oil was obtained by crushing the sam-
ples and Soxhlet extraction. The expelled oil, residual oil, 
and outcrop samples were analyzed using gas chromatogra-
phy–mass spectrometry (GC–MS). An Agilent 7890-5975c 
gas chromatographer–mass spectrometer was performed on 
GC–MS analysis, and the analysis method and procedure 
of GC–MS are consistent with those described in Yu et al. 
(2023). The instrument was outfitted with an HP-5MS fused 
silica column, with the carrier gas being 99.999% helium 
at a flow rate of 1 mL/min. Initially, the column tempera-
ture was maintained at 50 °C for 1 min. Subsequently, the 
temperature was ramped up to 120 °C at a rate of 20 °C/
min, then to 250 °C at a rate of 4 °C/min, and finally to 
310 °C at a rate of 3 °C/min, where it remained for 30 min. 
Vitrinite reflectance (%Ro) was measured for 28 samples 
and the hydrous pyrolysis reaction residue of sample AJH-4. 
The %Ro measurements were conducted using an MSP400 
microfluorescence spectrometer. Reflected vertical incident 
light on the vitrinite surface was measured employing an 
oil-immersed objective lens. Comparison of reflected light 
intensities was performed under identical conditions. Each 
sample was analyzed at a minimum of 30 points.

Results

Organic geochemical characteristics

The TOC contents of the E2+3a shale were distributed in 
the range of 0.21–2.70% (avg. 0.88%) (Table S1). The S1, 
S2, and S1 + S2 Rock–Eval values were in the ranges of 
0.07–0.86 mg/g (avg. 0.18 mg/g), 0.19–16.98 mg/g (avg. 
3.57 mg/g), and 0.27–17.22 mg/g (avg. 3.75 mg/g), respec-
tively (Table S1). Although the samples were highly hetero-
geneous, they were primarily fair- to good-quality source 
rocks (Peters and Cassa 1994) (Fig. 2a). The hydrogen index 
(HI) was used to evaluate the type of OM (Liu et al. 2018; 
Zhang et al. 2020). The HI values of the E2+3a shale samples 
ranged 36–763 mg HC/g TOC (avg. 359 mg HC/g TOC) 
(Table S1). In the HI–TOC cross plot, most of the E2+3a 
shale samples fall in the “fair- to good-oil source rock” area 
and some of the samples fall in the “gas/oil source rock” area 
(Tissot and Welte 1984), which indicates a strong oil-gener-
ating capacity (Fig. 2b). The pyrolysis Tmax temperatures 
were in the range of 312–443 °C, with an average of 424 °C 
(Table S1) (Samples showing a Tmax value below 300 °C, 
indicating a low organic content insufficient to determine 
accurate Tmax, were excluded from the analysis), indicating 
low thermal maturity. The %Ro ratios ranged from 0.43% to 
0.77%, with an average of 0.66% (Table S1), indicating that 
the majority of shale samples from E2+3a were in the imma-
ture to low mature stages. In addition, the kerogen types of 
the E2+3a shale samples were mainly types I and II (Fig. 3) 
(Mukhopadhyay et al. 1995). Moreover, it is noted that 
the OM abundance and type of outcrop samples generally 

Fig. 2   a Cross plot of S1 + S2 versus TOC (according to Peters and Cassa 1994). b Cross plot of TOC versus HI (according to Tissot and Welte 
1984)
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outperform those of drilled samples. For instance, in the TW 
well, certain non-source rocks exhibit extremely low Tmax 
values, while samples from the DS well display notably low 
OM abundance, predominantly comprising type III kero-
gen. This discrepancy may be attributed to the proximity 
of the outcrop to the E2+3a deposition sites during the rel-
evant period, whereas current drilling activities are primar-
ily situated at the sedimentary periphery of the formation. 
Consequently, deploying drilling wells to the sedimentation 
center may lead to closer access to the high-quality shales 
of the E2+3a.

Petrological characteristics

The thin sections and SEM observation revealed the pres-
ence of Pediastrum in the E2+3a shale (Fig. 4a–c). Pedias-
trum is widely distributed, generally star-shaped, with a 
clear cell structure, and exists with approximately 20 cells, 
of which, each outer cell has two projections. The cell color 
of Pediastrum is yellow-green and the diameters of the algae 
are generally larger than 30 μm (Fig. 4c). The high S value in 
the energy spectrum may be related to the presence of C–S 
complexes (Fig. 4d).

The content of Pediastrum in the samples ranged from 
approximately 0.55% to 6.30% (avg. 2.65%). Further-
more, the Pediastrum content in outcrop samples generally 
exceeded that found in drilling samples, aligning with the 
results of organic geochemical analysis. (Fig. 5). Due to the 
different sedimentary environments of the source rocks, 
the contents of Pediastrum vary widely among the samples 
(Stach et al. 1982). The TOC content and S1 + S2 are posi-
tively correlate with the abundance of Pediastrum (Fig. 5a 
and b), which indicates that the Pediastrum contributes nota-
bly to the OM of the E2+3a shales. Therefore, the favorable 
depositional conditions and paleoenvironment leading to the 
development of Pediastrum and thus the highest potential 
hydrocarbon generating sections of the E2+3a shale must be 
determined crucially.

Mineralogical characteristics

The mineral composition was mainly clay, ranging 
58.70–67.7% (avg. 63.45%). The clay minerals were mainly 
illite and smectite, with contents 20.00–39.00% (avg. 
29.60%) and 36.00–65.00% (avg. 53.00%), respectively. The 
contents of kaolinite and chlorite were low, 6.00–17.00% 
(avg. 10.40%) and 5.00–9.00% (avg. 7.00%), respectively. 
The quartz, potassium feldspar, plagioclase, calcite, and 
pyrite content ranges were 18.10–28.10% (avg. 22.60%), 
0.80–1.70% (avg. 1.20%), 2.60–7.10% (avg. 3.70%), 
1.80–5.50% (avg. 3.40%), and 3.00–5.20% (avg. 4.10%), 
respectively (Table 1). Thin-section observation provides 
the most intuitive method to analyze rock structure and 
composition (Pan et al. 2020). High content of carbonate 
minerals was not conducive of the development of Pedi-
astrum (Fig. 6a–c). The limited development of carbonate 
was accompanied by a high content of clay minerals, and 
Pediastrum appeared to be more abundant (Fig. 6d–f).

Trace element characteristics

A total of 48 trace elements were analyzed (Table 2), and the 
relative contents and ratios varied significantly among differ-
ent samples, indicating the strong heterogeneity of the shale. 
The Sr/Ba values were observed to vary from 0.53 to 1.38 
(avg. 1.01), the Sr/Cu values from 4.76 to 15.25 (avg. 10.51), 
and the Rb/Sr values from 0.2 to 0.6 (avg. 0.34). Further, V/
(V + Ni) values were in the range of 0.6–0.68 (avg. 0.64), 
Fe/Mn values, 55.56–95.47 (avg. 80.66), δU (δU = 2U/ 
(U + Th/3) values, 0.86–1.29 (avg. 1.03), Zr/Rb values, 
0.86–1.13 (avg. 0.99), Mo/TOC values, 1.56–4.65 (avg. 
3.12), Ni/Co values, 0.79–7.04 (avg. 2.64), Mn/Ti values, 
0.10–0.17 (avg. 0.13), and the Cu/Ti values, 0.009–0.011 
(avg. 0.010).

Fig. 3   Cross plot of HI versus Tmax of the E2+3a shale samples 
(according to Mukhopadhyay et al. 1995)
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Aliphatic hydrocarbon characteristics of the extracts

The distribution characteristics of the carbon number and 
the ratio of the related parameters of n-alkanes are effective 
means of studying the origin and maturity of OM (Grantham 
and Wakefield 1988). The carbon number distribution of 
n-alkanes in the samples mainly ranged from n-C16 to n-C33. 
Among them, all the n-alkane samples exhibited the primary 
carbon peak of n-C27 (Fig. 7a–d), and the relative content 
of n-C27 ranged 27.74–34.79% (avg. 32.19%). Pristane and 
phytane were detected in every sample. The values of Pr/Ph, 
Pr/n-C17, and Ph/n-C18 ranged between 0.59–1.02 (avg. 0.77), 
0.25–0.51 (avg. 0.36), and 0.25–0.87 (avg. 0.51), respectively 
(Table 3). In the m/z = 191 chromatogram, tricyclic terpanes 
exhibited a lower abundance than pentacyclic terpanes. The 
Ts values were significantly lower than Tm, with Ts/Tm rang-
ing 0.021–0.047 (avg. 0.034). In addition, Gammacerane/
C30hopane (G/C30H) ranged 0.15–0.50 (avg. 0.28) (Fig. 8a, 

c, e, and g). The regular steranes, C27ααα(20R) sterane and 
C29ααα(20R) sterane, were of asymmetric “V” type (Fig. 8b, 
d, f, and h).

According to the liquid hydrocarbon (expelled and residual 
oil) GC–MS results, regardless of the expelled or residual oil, 
the dominant carbon peak of saturated hydrocarbon gradu-
ally decreased with an increasing degree of thermal evolu-
tion (Figs. 9 and 10), and the relative concentration of n-C27 
gradually decreased. The tricyclic terpene content was very 
low in the unheated samples (Figs. 9 and 10), and it gradu-
ally increased during thermal evolution (Figs. 9 and 10). The 
distribution of regular steranes did not change with increasing 
maturity (Figs. 9 and 10).

Fig. 4   Organic macerals and SEM images of samples. a Fluores-
cence image of the AJH-1 samples along the bedding direction; the 
clear structure of Pediastrum is evident. b Fluorescence image in the 
vertical bedding direction of the AJH-1 sample, showing the lamel-

lar distribution of Pediastrum. c SEM image of the AJH-4 sample 
and diameter of a single Pediastrum being larger than 30 μm. d EDS 
image of the sample AJH-4 and the selected measuring point shown 
in Fig. 2c. Abbreviations: Pedia, Pediastrum 



International Journal of Earth Sciences	

Discussion

Biological precursors

OM in lacustrine mudstones is typically dominated by 
aquatic algae and bacteria (Brocks et al. 1999). Simulation 
experiments conducted on the algal hydrocarbon-genera-
tion ability show that it can be classified into two types: 
strong and weak hydrocarbon-generation ability (Wang 
et  al. 1994). Algae with high hydrocarbon generating 
capacity are primarily planktonic cyanobacteria and green 
algae (Sherwood 1991), whereas algae with poor hydro-
carbon-generation ability are majorly benthic algae, which 
develop rhizoids and are rooted in soft silt (Wang et al. 
1994). Low-chain length n-alkanes (< C19) are assumed 
to be derived from lower aquatic organisms, such as 

planktonic algae and bacteria; mid-chain length n-alkanes 
(n-C20–n-C26) indicate the contribution of aquatic plants 
and long-chain length n-alkanes (> C27) reflect the contri-
bution of higher terrestrial plants (Riboulleau et al. 2007; 
Kristen et al. 2010; Kirellos et al. 2017). However, some 
studies suggested that long-chain length n-alkanes may 
indicate the contribution of algae; for example, n-C27 may 
indicate the contribution of Botryococcus braunii (Liao 
et al. 2022) and green algae can cooperate with n-C27 in 
long chains (Zhang et al. 2015). In other words, n-C27 is 
easily affected by lake hydrological changes, whereas a 
long-chain length in n-alkanes can directly indicate ter-
rigenous contributions (Liu et al. 2016).

The relative content of n-C27 exhibits some correlation 
with the abundance Pediastrum (Fig. 11a). In addition, with 
increasing maturity, the peak type of n-alkanes changed 
from the posterior peak to the anterior peak, however, the 

Fig. 5   a Cross plot of the TOC content versus the Pediastrum content. b Cross plot of S1 + S2 versus the Pediastrum content. Abbreviations: 
Pedia, Pediastrum 

Table 1   Mineral composition of 
the E2+3a shale samples, Junggar 
Basin

Samples Carbonate 
minerals

Felsic minerals Clay minerals Illite Smectite Illite Kaolinite Chlorite

AJH-1 10.6 23.2 62.5 57 30 8 5
AJH-2 4.9 25.1 61.7 65 20 6 9
AJH-3 5.5 22.6 67.7 59 29 7 5
AJH-4 4.1 25.1 66.9 57 29 8 6
AJH-5 2.7 26.6 65.5 36 39 17 8
AJH-6 2 33.3 60.8 49 31 12 8
AJH-7 1.8 30.4 63.8 54 26 13 7
AJH-8 2.9 33.2 58.7 47 33 12 8
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main carbon peak remained to be n-C27 (Figs. 9 and 10). The 
relative content of n-C27 decreased gradually 31.44%–9.96%, 
which may be due to the fracturing of long-chain length 
n-alkanes during hydrocarbon generation and the expulsion 
of hydrocarbons (Derenne et al. 1992). Therefore, it is highly 
likely that the relative content of n-C27 reflects the contribu-
tion of Pediastrum in OM. The C29 ααα(20R) regular ster-
ane are abundant in terrestrial plants (Grantham and Wake-
field 1988). However, some studies have suggested that C29 
ααα(20R) regular sterane is derived from Cyanobacteria or 
green algae (Berkaloff et al. 1983; Derenne et al. 1992) and 
possibly even from Pediastrum (Makeen et al. 2019). How-
ever, the relative content of C29 ααα(20R) regular sterane did 

not appear to be significantly related to that of Pediastrum 
(Figs. 9 and 10; Fig. 11b). It should be clarified that obser-
vations of maturity-related changes are based on artificially 
matured samples.

Paleoenvironment reconstruction

Paleoclimate

The OM enrichment was typically affected by paleoclimate 
which exerts a primary control on precipitation and there-
fore terrestrial OM input (Tanaka et al. 2007). In addition, 
paleoclimate changes affect terrigenous input and lake level 

Fig. 6   Microscopic images of the E2+3a mineral composition. a–c is 
from sample AJH-1, Pediastrum is moderately developed, with high 
carbonate content, high clay mineral content, and a small amount of 

pyrite. d–f is from sample AJH-4, Pediastrum is developed with high 
clay mineral content and a small amount of pyrite. Abbreviations: 
Pedia, Pediastrum 

Table 2   Trace element ratios of 
the E2+3a shale samples, Junggar 
Basin

Note: δu, 2 U/ (U + Th/ 3)

Samples Sr/ cu Fe/ Mn Rb/ Sr Sr/ Ba Zr/ Rb Mo/ TOC Mn/ Ti Mn/Fe V/ V + Ni δu Cu/Ti

AJH-1 15.25 55.56 0.20 1.35 1.02 1.56 0.1039 0.0111 0.62 1.15 0.0109
AJH-2 9.16 93.50 0.39 0.87 1.13 2.41 0.0979 0.0105 0.68 0.89 0.0096
AJH-3 13.26 89.51 0.25 1.21 1.13 2.95 0.1455 0.0147 0.64 1.29 0.0103
AJH-4 7.42 77.76 0.43 0.71 1.06 4.65 0.1386 0.0132 0.60 0.95 0.0100
AJH-5 6.29 75.73 0.43 0.75 0.91 1.96 0.1108 0.0129 0.64 0.86 0.0105
AJH-6 13.18 67.85 0.20 1.31 0.90 3.52 0.1408 0.0112 0.62 1.09 0.0107
AJH-7 4.76 95.47 0.60 0.53 0.86 4.44 0.1310 0.0107 0.66 0.93 0.0096
AJH-8 14.76 89.91 0.21 1.38 0.91 3.45 0.1655 0.0180 0.67 1.06 0.0092
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changes, which lead to changes in the chemical properties 
of lake basins, such as paleosalinity and redox conditions 
(Zhang et  al. 2020). The distribution of trace elements 
deposited in sedimentary systems can be influenced by 
paleoenvironmental controls (Tribovillard et al. 2006). In 
arid climates, the Sr concentration increases, therefore, the 
Rb/Sr ratio decrease, while in humid climates, the Sr con-
centration decreases and resulting in increasing Rb/Sr ratio 
(Yandoka et al. 2015). Generally, a Sr/Cu ratio in the range 
of 1.3–5.0, 5–10, > 10 indicate a warm and humid climate, 
semi-humid to semi-arid climate, and a hot and arid climate, 
respectively (Lerman et al. 1978). Moreover, a lower Fe/
Mn ratio commonly indicates a hot and arid paleoclimate 
(Lerman et al. 1978).

The Sr/Cu distribution of the E2+3a shale was 4.76–15.25, 
with an average of 10.51 (Fig. 12a; Table 2), indicating that 

the E2+3a depositional period was in a dry and hot climate, 
with a few periods being relatively warm and humid. The 
Rb/Sr ratios of the E2+3a shale ranged 0.20–0.60 (Table 2), 
with an average of 0.34, which also indicated that the E2+3a 
experienced hot and arid climate conditions as suggested 
by the variations in the Fe/Mn, Rb/Sr, and Sr/Cu ratios 
(Fig. 13c, d, and e, respectively). Stage “A” and Stage “B” 
of the E2+3a had significant differences in the paleoenviron-
ment, which in turn influenced the development of Pedias-
trum. Stage “A” of the E2+3a was deposited under hot and 
arid climate conditions, while Stage “B” varied from hot 
and arid to warm and humid. Simultaneously, the TOC and 
Pediastrum contents and n-C27 fluctuated regularly following 
the paleoclimate changes (Fig. 13a, b, and q, respectively). 
This indicates that Pediastrum was relatively well developed 
in the Stage “B” depositional period, with high n-C27, while 

Fig. 7   Total ion current (TIC) fragmentograms of saturated fractions from the E2+3a shale samples

Table 3   Aliphatic hydrocarbon 
of the E2+3a shale samples, 
Junggar Basin

Note:1, Pr/Ph; 2, Pr/ n-C17; 3, Ph/n-C18; 4, n-C27 (%); 5, Ts/Tm; 6, Gammacerane/C30hopane; 
7, C30mortane/ C30hopane; 8, C27ααα(20R) sterane/ (C27ααα(20R) sterane + C28ααα(20R) ster-
ane + C29ααα(20R) sterane); 9, C28ααα(20R) sterane/ (C27ααα(20R) sterane + C28ααα(20R) ster-
ane + C29ααα(20R) sterane);10, C29ααα(20R) sterane/ (C27ααα(20R) sterane + C28ααα(20R) ster-
ane + C29ααα(20R) sterane);11, C27ααα(20R) sterane/ C29ααα(20R) sterane

Samples 1 2 3 4 5 6 7 8 9 10 11

AJH-1 0.76 0.36 0.43 32.17 0.021 0.50 0.23 0.42 0.19 0.39 0.91
AJH-2 0.59 0.28 0.25 31.97 0.043 0.34 0.19 0.40 0.22 0.39 0.97
AJH-3 0.79 0.25 0.44 34.79 0.023 0.27 0.17 0.47 0.16 0.38 0.81
AJH-4 0.77 0.39 0.5 31.44 0.038 0.15 0.21 0.41 0.16 0.43 1.07
AJH-5 0.81 0.37 0.87 34.97 0.044 0.25 0.24 0.42 0.13 0.45 1.07
AJH-6 0.78 0.51 0.55 33.19 0.047 0.22 0.23 0.45 0.11 0.44 0.97
AJH-7 1.02 0.34 0.51 27.74 0.031 0.21 0.19 0.48 0.25 0.28 0.58
AJH-8 0.67 0.38 0.53 31.26 0.021 0.31 0.24 0.44 0.21 0.35 0.80
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its content was relatively low in the Stage “A” depositional 
period, with a low n-C27, which reflects that the paleocli-
mate during the E2+3a sedimentation may have had a certain 
impact on Pediastrum accumulation.

Paleosalinity

Paleosalinity is vital for analyzing the paleo-sedimentary 
environment of lake basins (Liu et al. 2007; Fan et al. 2012) 
and has specific effects on OM preservation and biologi-
cal growth (Wei et al. 2018). Different sedimentary micro-
environments control the distributions and enrichments of 

different elements. Therefore, the sizes and distributions of 
the characteristic element ratios are also reasonably corre-
lated with water salinity (Algeo and Maynard 2004). The Sr/
Ba ratio is an empirical indicator of paleosalinity (Raiswell 
1988; Makeen et al. 2019). When the soluble bicarbonate, 
chloride, and sulfate enter the lacustrine basin, the mobil-
ity of Ba becomes significantly lower than that of Sr as the 
solubility of Ba compounds is lower than that of Sr com-
pounds and BaSO4 precipitates easily (Hofer et al. 2013). 
As such, in the saline solution of the basin, the Sr content 
increases relatively with an increase in the offshore distance 
(Zheng et al. 1999; Chen et al. 2008). In general, a Sr/Ba 

Fig. 8   Terpene (m/z 191) and sterane (m/z 217) fragmentograms of the E2+3a shale samples
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ratio greater than 1.0 indicates saline water, a Sr/Ba ratio 
0.6–1.0 indicates brackish water, and a Sr/Ba ratio lower 
than 0.6 indicates freshwater (Zheng et al. 1999; Deng et al. 
2018; Song et al. 2022). The Mo and TOC contents can also 
reflect the restrictiveness of lakes (Rowe et al. 2008). The 
Mo replenishment is affected in tightly restricted basins, and 
the Mo/TOC ratios in sediments are low (Huang et al. 2020). 

In addition, under dry climate conditions, the evaporation of 
lake water is greater than the water supply, the water level 
of the lake decreases, and the salinity of the water body 
increases relatively (Yandoka et al. 2015).

Gammacerane has become a standard component of OM 
and petroleum since Hills et al. (1966) identified it in the 
Green River oil shale in Colorado, USA. It is produced at the 

Fig. 9   TIC, terpene (m/z 191), and sterane (m/z 217) fragmentograms of the expelled oil
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chemocline by bacterivorous ciliates incorporating tetrahy-
monol and is generally considered to be a C30 pentacyclic 
triterpenoid produced during tetragonal diagenesis; a high 
abundance of gammacerane usually indicates high salinity in 
stratified water, a high G/C30H ratio in OM indicates a high-
salinity sedimentary environment (Moldowan et al. 1985). 
In addition, when the contribution of halophilic bacteria is 

high, a Pr/Ph ratio lower than 0.8 can be used to indicate 
high salinity waters (Peters et al. 2005). The salinization 
of lakes increases water density, forming relatively stable 
water column stratification conditions (Yandoka et al. 2015). 
Moreover, increasing water salinity reduces water infiltration 
and bioturbation, which are beneficial for OM preservation 
(Zheng et al. 1999; Chen et al. 2008).

Fig. 10   TIC, terpene (m/z 191), and sterane (m/z 217) fragmentograms of the residual oil
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The Sr/Ba, G/C30H, and Pr/Ph ratios of the E2+3a shale 
(Fig. 13b, c, f, and h; Table 2 and 3) indicate that the shale 
was deposited in brackish to saltwater. The Mo/TOC ratios 
ranged 1.56–4.65 (avg. 3.12) (Figs. 12d and 13g; Table 2), 
i.e., they were lower than 4.5, thereby being close to the 
ratio for the Black Sea, formed in a strongly restrictive 
environment (Deng et al. 2018). The results showed that the 
paleosalinity in Stage “A” of E2+3a was relatively high and 
that the sedimentary environment in Stage “B” was mainly 
brackish water, which is consistent with the results of the 
paleoclimate analysis (Fig. 13f, g, h, and i). This result also 
indicates that paleosalinity is closely related to paleoclimate 
conditions, hot and arid climate conditions and high salinity 
(Stage “A”) are not conducive to Pediastrum development. 
Contrarily, a suitable climate and salinity (Stage “B”) sig-
nificantly increase the Pediastrum content (Fig. 13b and q).

Paleowater depth

In general, the water column stratification is easier to 
develop in deep-water bodies, and to form anoxic sedimen-
tary environment is easier, which is more conducive to the 
preservation of OM (Rao and Huang 2017). Various ele-
ments exhibit different stabilities during sediment transpor-
tation (Wersin et al. 1991). Generally, Mn is more stable 
than Fe and Ti; thus, its transportation distance is relatively 
long (Wu et al. 2022). Typically, lower Mn/Ti and Mn/Fe 
ratios reflect shallow paleowater depths (Wersin et al. 1991). 
The Zr/Rb ratio can also be used to reflect paleowater depth 

(Dypvik and Harris 2001), and the Zr/Rb ratio decreases 
with increasing water depth.

The Mn/Ti, Mn/Fe, and Zr/Rb ratios in the E2+3a shale 
were in the range of 0.10–0.17 (avg. 0.13), 0.010–0.018 (avg. 
0.013), and 0.86–1.13 (avg. 0.99) (Table 2), respectively, 
indicating a decreased water depth during the depositional 
period, which reflects a shallow to semi-deep lake deposi-
tional environment. According to previous studies, the water 
depth for the development of Pediastrum generally does not 
exceed 15 m (Nielsen et al. 1992; Zhou et al. 2012). The 
results indicate that Stage “A” of the E2+3a was generally 
deposited in a shallow water environment, while the water 
depth in Stage “B” was relatively deep during sedimentation 
(Fig. 13j, k, and m).

Redox conditions

Changes in redox conditions are generally related to water 
depth and lake turbulence, which are more critical for the 
preservation of OM than paleosalinity conditions (Bentum 
et al. 2012). The concentration of certain trace elements 
such as V, Cr, and Ni in sediments is closely related to the 
redox environment of the water during the depositional 
period (Self et al. 2006). In general, a V/ (V + Ni) ratio 
greater than 0.84 reflects stratification of the water column 
and results in anoxic bottom waters; a moderate V/ (V + Ni) 
ratio, between 0.54 and 0.72, indicates an anoxic environ-
ment with weak water column stratification. The parameter 
δU is commonly used for analyzing Redox conditions. A 
δU ratio (δU = 2U/ (U + Th/3) greater than 1.0 indicates an 

Fig. 11   a Cross plot of n-C27 versus the Pediastrum content; b 
Cross plot of regular sterane C29/(C27 + C28 + C29) versus the Pedi-
astrum content. Abbreviations: Pedia, Pediastrum. Note: Regular 

sterane C29/(C27 + C28 + C29), C29ααα(20R) sterane/(C27ααα(20R) 
sterane + C28ααα(20R) sterane + C29ααα(20R) sterane). Note: n-C27, 
abundance of n-C27 / abundances of saturated hydrocarbons
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anoxic environment, whereas, a δU lower than 1.0 suggests 
an oxidation environment (Wignall and Myers 1988; Steiner 
et al. 2001; Algeo and Maynard 2004). A low Mn/Fe ratio 
also indicates anoxia in the water body (Kuma et al. 2019). 
The Pr/Ph ratios of < 0.5, 0.5–1.0, 1.0–3.0, and > 3.0 corre-
spond to anoxic, reducing, weakly reducing to weakly oxi-
dizing, and oxidizing conditions, respectively (Mei and Liu, 
1980; Mello et al., 1988). Additionally, lower Pr/n-C17 and 
Ph/n-C18 ratios generally suggest a reducing environment, 
providing key insights into the depositional conditions of 
organic matter.

The V/ (V + Ni) and δU ratios of the E2+3a shale ranged 
0.60–0.68 (avg. 0.64) and 0.86–1.29 (avg. 1.03), respec-
tively (Table 2), indicating a reducing environment, this 
was corroborated by the Pr/Ph, Pr/n-C17, and Ph/n-C18 ratios 
(Table 3). Therefore, we can confirm that the E2+3a shale was 
deposited during anoxic conditions which were favorable for 
preventing scavenging of OM. The results showed that the 
preservation condition of Stage “A” of the E2+3a was slightly 
better than that of Stage “B”, which may be related to the 
water turbulence caused by terrigenous input during the 
depositional period of Stage “B” (Fig. 13n and o) (Table 4).

Fig. 12   a Cross plot of Sr versus Cu representing the paleoclimate of 
the sedimentary period of the E2+3a. b Cross plot of Sr versus Ba rep-
resenting water salinity during the sedimentary period of the E2+3a. c 
Cross plot of C30mortane/C30hopane versus Gammacerane/C30hopane 

characterizing water salinity, redox conditions, and maturity of the 
E2+3a. d Cross plot of Mo versus TOC representing water closure dur-
ing sedimentation of the E2+3a
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Paleoproductivity

Generally, the Cu enrichment rate in lake sediments is 
closely related to productivity (Holland 1978; Wan et al. 
2003). Therefore, the Cu/Ti ratio is considered to be an 
effective indicator for the reconstruction of primary produc-
tivity, and in general, higher Cu/Ti ratios indicate higher 
paleoproductivity (Shen et al. 2015).

The Cu/Ti ratio of the E2+3a shale ranged 0.009–0.011 
(avg. 0.010) (Table 1), which was higher than that of the 
Post-Archean Australian shale (PAAS) with average Cu/Ti 
ratio 0.008, indicating that the E2+3a shale had increased 
paleoproductivity. In addition, a good correlation was 

observed between the relative content of Pediastrum and 
the Cu/Ti ratio (Fig. 13p and q). The results showed that the 
paleoproductivity of Stage “A” of E2+3a was lower than that 
of Stage “B,” which may be attributed to the Pediastrum 
development.

OM formation model

During the deposition of the E2+3a shale, the water depth 
changed frequently while being generally shallow, the cli-
mate was hot and arid, evaporation was intense, and water 
salinity was high. Paleoclimate affects the salinity, depth, 
and redox conditions of water by controlling evaporation. 

Fig. 13   Variations of paleoclimate, paleosalinity, paleowater depth, paleoredox, and paleoproductivity of the samples from E2+3a

Table 4   Aliphatic hydrocarbon 
of the hydrous pyrolysis 
products of the E2+3a shale

Note: 1, Gammacerane/C30hopane; 2, Ts/ Tm; 3, C29hopane / C30hopane; 4, C29ααα(20R) ster-
ane/ (C27ααα(20R) sterane + C28ααα(20R) sterane + C29ααα(20R) sterane);5, C27ααα(20R) sterane/ 
(C27ααα(20R) sterane + C28ααα(20R) sterane + C29ααα(20R) sterane)

Unheated sample Tempera-
ture (℃)

Ro (%) Liquid hydrocarbon 1 2 3 4 5

AJH-4 280 0.71 Expelled oil 0.11 0.08 1.11 0.36 0.45
300 0.79 0.08 0.03 1.06 0.37 0.44
330 0.91 0.16 0.11 1.09 0.37 0.42
350 1.06 0.10 0.03 1.43 0.32 0.48
370 1.15 0.12 0.06 1.02 0.32 0.47
500 1.60 0.20 0.11 1.07 0.39 0.41
280 0.71 Residual oil 0.10 0.02 1.16 0.40 0.41
300 0.79 0.21 0.02 1.17 0.42 0.38
330 0.91 0.08 0.02 1.04 0.38 0.43
350 1.06 0.10 0.04 1.32 0.31 0.50
370 1.15 0.21 0.21 0.95 0.30 0.45
500 1.60 0.08 0.16 0.92 0.45 0.34



	 International Journal of Earth Sciences

Conditions during the deposition of the E2+3a shale are con-
ducive to OM preservation, and the abundance and type of 
OM are mainly controlled by water salinity (Makeen et al. 
2015). However, the abundance of OM does not increase 
with salinity; “salinity critical points” exist for different 
organisms and when salinity exceeds these critical points, 
the number of organisms plummets (Hu et al. 2021). Pedi-
astrum also exhibits a “salinity critical point” beyond which 
increased salinity negatively impacts its growth. However, 
due to the limited number of data points available, this tip-
ping point requires further refinement and investigation. 
Carbonate minerals are considered suitable carriers of pale-
oclimate information in lake sediments because of their 
wide spatiotemporal distributions as well as their sensitive 
responses to environmental changes (Gao et al. 2018). For 
semi-closed to closed lakes in arid to semi-arid areas, an 
increase in lake evaporation can promote carbonate deposi-
tion. For example, Selin Co is a closed lake on the Qing-
hai–Tibet Plateau, and the variation of carbonate mineral 
content in the lake is negatively correlated with precipitation 
intensity. Therefore, more carbonate minerals in the sedi-
ments indicate higher salinity (Kaufman et al. 1991). XRD 
and rock thin-section analyses showed that the E2+3a shale 
was mainly composed of clay, felsic, and carbonate (dolo-
mite and calcite) minerals (Table 1). With an increase in 
the carbonate mineral content, the Pediastrum content first 
increased and then decreased (Fig. 14a). Additionally, n-C27 
versus the G/ C30H ratio and Pediastrum versus the G/ C30H 
ratio showed similar trends (Fig. 14b and c, respectively). 
This means that the Pediastrum content increases and then 
decreases as salinity increases, and this “salinity critical 
point” corresponds to an approximate G/C30H ratio of 0.34 
(Fig. 14b and c). These results contrast with those of previ-
ous studies suggesting Pediastrum is a freshwater alga with 
poor salt tolerance (Xiao et al. 1996; Zamaloa and Tell 2005; 
Wan et al. 2008; Brenner et al. 2006).

The paleoclimate of Stage “A” was relatively hot and 
arid, with water depth reduced, the input of terrestrial OM 
reduced, and the high evaporation of the water; all these 
resulted in high salinity in the water and a reduction of 
the Pediastrum content (Fig. 15a). Stage “B” of the E2+3a 
deposition was warm and humid, and rivers brought a large 
amount of freshwater and terrigenous OM into the lake, 
leading to an increase in felsic minerals and a relative 
decrease in carbonate minerals. At the same time, water 
salinity decreased, resulting in a relatively high abundance 
of Pediastrum (Fig. 15).

Conclusion

(1)	 The E2+3a shale displays a notable abundance of OM, 
predominantly characterized by Type I and II kerogens, 
with a lesser presence of Type III OM, indicating a 
more favorable oil-generating potential.

(2)	 Pediastrum emerges as the predominant OM contribu-
tor to hydrocarbon generation in the E2+3a shale, with 
its relative content exhibiting a positive correlation 
with TOC. Moreover, the presence of n-C27 may serve 
as a distinctive biomarker indicative of Pediastrum.

(3)	 Throughout the depositional period of the E2+3a shale, 
the climate was characterized by hot and arid condi-
tions, accompanied by an increase in salinity. These 
environmental factors created optimal conditions for 
the preservation of organic matter within the shale. 
Moreover, the conducive salinity environment likely 
facilitated the proliferation of Pediastrum during this 
period, and the “salinity critical point” for Pediastrum 
may be identified at G/C30H = 0.34.

Fig. 14   a Cross plot of the carbonate content versus the Pediastrum content. b Cross plot of the Gammacerane/C30hopane content versus the n-
C27 ratio. c Cross plot of the Gammacerane/C30hopane content versus the Pediastrum content. Abbreviations: Pedia, Pediastrum 
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