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ABSTRACT: This paper is a synthetic use of carbon isotope composition, Rock-Eval data, organic pe-
trology, element composition of kerogen, major and trace elements, and biomarker characteristic of the
Permian Pingdiquan (P,p) source rocks in the Wucaiwan sag, Junggar Basin, China as proxies (1) for
evaluations of hydrocarbon potential, organic matter (OM) composition and thermal maturity of the OM
in the source rocks, (2) for reconstruction of paleodepositional environment, and (3) for analysis of con-
trolling factor of organic carbon accumulation. The P,p Formation developed good-excellent source
rocks with thermal maturity of OM ranging from low-mature to mature stages. The OM was mainly com-
posed of C, terrestrial higher plants and aquatic organisms including aerobic bacteria, green sulfur bac-
teria, saltwater and fresh algae, Sphagnum moss species, submerged macrophytes, Nymphaea, and
aquatic pollen taxa. The proportion of terrestrial higher plants decreased and that of aquatic organisms
increased from margin to center of the sag. The benthic water within reducing environment and brackish-
water column were superposed by periodic/occasional fresh-water influx (e.g., rainfall and river drain),
which led to fresh-water conditions and well oxygenating in the water column during overturn process.
The whole study area developed lacustrine source rocks without seawater intrusion. During periodic/oc-
casional fresh-water influx periods with plenty of terrestrial plant inputs, the paleoredox conditions of the
sag were relatively oxic in the shallow fresh-water which experienced strong oxidation and decomposi-
tion of OM, therefore were not conducive for the OM preservation. However, the overall middle primary
productivity made up for this deficiency, and was the main controlling factor on the organic carbon accu-
mulation. A suitable supply from terrestrial inputs can promote biotic paleoproductivity, and a relatively
high sedimentation rate can reduce oxidation and decomposition times of OM. On the contrary, during
the intervals of the fresh-water influxes, relatively reducing conditions are a more important controlling
factor onthe OM accumulationin the case that the decrease of the terrestrial biotic source.
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Junggar Basin.
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ic carbon fluxes) (Gallego-Torres et al., 2007; Caplan and
Bustin, 1999) or paleoredox condition (Mort et al., 2007;
Demaison and Moore, 1980). Besides, OM accumulation
in each sedimentary setting was likely controlled by its
unique factors which may respond to the synthetic ef-
fects of these two factors or maybe a single factor (Scho-
epfer et al., 2015; Rimmer, 2004).

The OM in the source rocks is mainly derived from
the decomposition of terrestrial organic debris and aquat-
ic organisms, and the matrix is mainly transported from
eroded clastics in the continental provenances of the
drainage area in forms of dissolved and particulate mate-
rials via chemical weathering of rocks. Biomarker and
carbon isotopic composition of OM (8”C,,) inherit infor-
mation about OM source, sedimentary environment, ther-
mal maturity of OM, and HC migration (Hunt, 1996; Pe-
ters and Moldowan, 1993). Besides, ratios of carbon (C)
to nitrogen (N) determined from elemental analysis of
OM can be used to analyze OM origins (Zhu et al., 2022;
Meyers, 1994). However, each indicator is influenced by
some factors, such as diagenesis, thermal maturity of
OM and contaminantion, and has a specific scope of ap-
plication in interpreting OM characteristics, paleodeposi-
tional environment and paleoclimate. Therefore, on the
one hand, it is necessary to use multiple proxies to clarify
one issue; on the other hand, coupling 5"°C,, values with
each of C/N ratios and total organic carbon (TOC, wt.%)
contents can be used to assess OM sources and control-
ling factors on OM accumulation (Lamb et al., 2006; Free-
man et al., 1994, 1990; Hollander and McKenzie, 1991).

The Middle Permian Pingdiquan (P,p) Formation de-
posited in the eastern Junngar Basin of China hosts large
HC potential and shale-oil (Bai et al., 2017; Cao et al.,
2017). However, the issues related to kerogen type, ther-
mal maturity of OM, and paleosalinity are controversial in
previous studies. Cao et al. (2017) argued that it was a
typical saline lacustrine deposit and primarily consists of
types Il and Ill kerogens with the thermal maturity of OM
ranging from early to late maturity stage. However, Bai et
al. (2017) considered that the OM of the P,p source rocks
was dominated by Type Il kerogen and is presently in the
low mature-mature stage under fresh to brackish condi-
tions. What’s more, Carroll et al. (1992) proposed that the
P,p Formation was deposited in deltaic and lacustrine sed-
imentary environments, while Liang et al. (2014) argued
that the late stage of the Middle Permian was a paralic epi-
continental lacustrine environment which was influenced
by seawater intrusion (Bai et al., 2017). Besides, the pa-
leoproductivity in the eastern Junggar Basin during the
Middle Permian period as well as the enrichment mecha-
nism and controlling factor of the development of the P,p
source rocks have not been thoroughly analyzed.

This paper focuses on Rock-Eval data, organic pe-
trology, elements compositions of kerogen and whole
rock, biomarker characteristics and 5"C,, composition of
the P,p source rocks in the Wucaiwan sag of the Junggar
Basin. Firstly, the study aims to decipher the factors that
control the development and paleodepositional condi-

tions of the source rocks in the Wucaiwan sag. This may
provide new clues to reconstructing its sedimentary envi-
ronments and judging whether seawater intrusion oc-
curred or not in the basin during the Permian. Secondly,
the study of source rocks’ biomarker characteristics can
provide reliable bases for the following oil-source correla-
tion and accumulation. Thirdly, the main factor controlling
OM accumulation in terrestrial source rocks is unclear
due to complex sedimentary environments and plenty of
terrigenous inputs in sedimentary basins. Therefore, the
effect of terrestrial inputs should be considered in the
evaluation of organic carbon accumulation. This study
provides a case study of a comprehensive approach to
evaluating organic carbon accumulation in lacustrine en-
vironments by using multiple proxies.

1 GEOLOGIC SETTING

The Junggar Basin, a typical Late Palaeozoic, Meso-
zoic, and Cenozoic superimposed petroliferous basin,
covers a 130 000 km? exploration area in NW China (Hou
et al., 2021; Bai et al., 2017; Cao et al., 2017; Figure 1a).
The basin was a marine and residual marine foreland ba-
sin, continental foreland basin, intracontinental oscillatory
depression basin, and regeneration foreland basin during
the Late Carboniferous — Early Permian, Middle — Late
Permian, Mesozoic, and Cenozoic periods, respectively
(Chen et al., 2015). The eastern Junggar Basin experi-
enced multiphase tectonic cycles including the Hercyn-
ian, Indosinian, Yanshanian and Himalayan events after
the Late Carboniferous (Wan et al., 2015). The Wucai-
wan sag (around 949 km?) is located in the eastern uplift
belt of the basin and on the west of the Paleozoic sedi-
mentary depression of the Kelameili Piedmont (Figure
1b). The sag’s northern boundary connects to the Dinan
high, its southeast boundary connects to the Shazhang
fault-fold belt, and the sag connects to the Baijiahai high
to the southwest. The sag began to form in the Late Car-
boniferous and the paleotopography was a northward dip-
ping monocline, where the northern part was a steep-
slope before the Permian.

The Wucaiwan sag developed Carboniferous, Perm-
ian, Triassic, Jurassic, Cretaceous, Paleogene, Neogene
and Quaternary stratigraphy sets from bottom to up. The
sag was developed in a faulted deep-water basin during
the Permian period. According to lithologic association,
sedimentary cycle and property of contact interface, the
Permian strata can be divided into five formations: the
Jingou (P), Jiangjunmiao (P,), P,p, Quanzijie (P,q) and
Wutonggou (P,wf) Formation. Due to the influences of
the paleoclimate and the foreland basin tectonic back-
ground of the Kelameili Piedmont, the P,j and P,q forma-
tions were undeveloped or had been weathered and de-
nuded in the study area. The main sedimentary facies of
the P,p Formation in the study area were fan delta front,
braided river delta front, shore-shallow lake, moderately
deep lake, and deep lake facies. The P,p Formation
which is the most favorable source rocks in the study ar-
ea developed gray and gray-black mudstone as well as
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Figure 1. (a) The structure outline map of the Junggar Basin (after Qiao et al., 2020), lithofacies distribution during the Middle—Late Permian (Bi-

an et al., 2010) and location of the studied area, as well as (b) distribution of the P,p source rocks in the Wucaiwan sag.

black dolomitic mudstone with a thickness of 50—450 m
(Figures 1c and 2).

2 SAMPLES AND ANALYTICAL METHODS
2.1 Samples and Data

In this study, all samples came from 11 wells.
Amongst these wells, W1, W2, W3, W4, W5 and W12
wells are located in the southeast of the sag; Well W7 is
located in the northwestern sag; wells W6 and W9 are lo-
cated in the center of the sag; Well W8 is located in the
southwest of the sag; wells W10 and W11 are located in
the northeast of the sag (Figure 1c). As for the testing, 52
samples were used to measure TOC content; 48 sam-
ples were used for Rock-Eval pyrolysis; 58 samples’ ex-
tractable OM (EOM) was precipitated and separated, and
their saturated and aromatic HCs as well as NSO (N, sul-
fur (S) and oxygen (O)) compounds were separated and
quantitatively analyzed and further used for biomarker
analysis; 27 samples were used to identify maceral com-
position; major and trace element concentrations from 14

samples were measured; 3“C,, and element composi-
tion of kerogen from 41 and 45 samples were tested, re-
spectively. Before the measurements, fresh core samples
were pulverized to a mesh size of < 200 using a tungsten
carbide ball mill.

In this study, 5"°C,, and elemental composition were
performed at the Chinese Academy of Science; biomark-
ers analysis, Rock-Eval pyrolysis and TOC content mea-
surement were performed at the State Key Laboratory of
Petroleum Resources and Engineering, China University
of Petroleum (Beijing); and the R, and organic petrology
data were provided by the Cainan Qil Field.

2.2 Elemental Analysis

The measurement of elemental composition of kero-
gen (C, N, hydrogen (H), S, and O) was performed on a
Vario EL cube element analyzer. At first, the powder sam-
ples were digested with hydrochloric acid (HCI) to re-
move carbonates and then hydrofluoric acid (HF) to re-
move silicates. After that, the residue was separated and
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Figure 2. The stratigraphic column and geochemical parameters of
Well W7 for the P,p Formation in the Wucaiwan sag of the Junggar
Basin, China.

extracted by heavy liquids and chloroform (CHCI,) to ob-
tain the soluble components. For the measurement, the
first setup was filled with helium (He) and oxygen (O,) at
a specified temperature, then the weighted sample was
placed into the analyzer. After pyrolysis, column chroma-
tography, and thermal conductivity detection, the relative
concentrations of each element in the kerogen were de-
termined. Analytical accuracy and precision were £10%
and £5%, respectively.

Major and trace elements were measured using an
ARL Perform’X 4200 wavelength-dispersive X-ray fluo-
rescence (WD-XRF) spectrometer and an ELAN DRC-e
inductively coupled plasma mass spectrometer (ICP-
MS), respectively. Detailed information related to the
measurements was given by Qiao et al. (2022).

2.3 TOC Content and Rock-Eval Pyrolysis

TOC content was analyzed by combustion in a
LECO CS-230 analyzer after acidification of the pulver-
ized samples with HCI to remove inorganic carbon. Then,
in order to remove residual HCI, the samples were
washed using distilled water and further dried under vac-
uum (24 h at 60-80 °C). The carrying Standard was ac-
cording to the Chinese Standard GB/T 19145-2022 “De-
termination of TOC in Sedimentary Rock”.

Rock-Eval pyrolysis of pulverized samples was per-

formed using an OGE-Il instrument and following the Chi-
nese Standard of GB/T18602-2017 “Rock Pyrolysis Anal-
ysis Method”. The parameters including free HC content
(S,, mg HC/g rock) at 300 °C, remaining HC generative
potential (S,, mg HC/g rock) at between 300 and 600 °C,
and T__ (temperature of maximum pyrolysis yield, °C)

max

were obtained during the process of heating.

24 Hydrocarbon Extraction, Fractionation, and
Analysis

Before the test, the pulverized samples were used to
obtain EOM by using a Soxhlet extractor system with a
mixed solvent of methanol/dichloromethane. After 72 h,
component separation was done using a silica gel-AlO
chromatography, irrigating materials were normal hex-
ane, benzene and hexanol. Gas chromatography-mass
spectrometry (GC-MS) analysis was performed using an
Agilent 6890GC/5975iMS, equipped with HP-5MS chro-
matographic column (60 m x 0.25 mm x 0.25 pm) accord-
ing to the Chinese Standard of GB/T 18606-2012 “Determi-
nation of Sediments Biomarker by Gas Chromatography-
Mass Spectrometry”. During analysis, the initial tempera-
ture of the GC oven was 50 °C for 1 min, then pro-
grammed to raise to 120 °C at 20 °C/min, then to 310 °C
for 25 min at 3 °C/min. Relative abundances of biomark-
ers were calculated from peak areas.

2.5 Measurement of Carbon Isotopes

5"C,, was performed using a Gas Isotope Ratio
Mass Spectrometer (FLASH HT EA-MAT 253 IRMS in-
strument) system with analytical precision of +0.5%. and
following the Chinese Standard of GB/T 18340.2-2010
“Organic Geochemical Analysis Method for Geological
Samples-Part 2: Determination of Organic Carbon Stable
Isotopic Component-Isotopic Mass Spectrometry”. The
5"C,,, value was relative to the intentional PDB (Pee Dee
Belemnite) standard, and the analytical error was +0.1%eo.
The analysis conditions: gas chromatographic column
was HP-PLOT Q column with 30 m; column ID was 0.53
mm; film thickness was 4 pm; heating temperature was
from 40 to 160 °C at a heating rate of 15 °C/min, and
then to 200 °C at a heating rate of 5 °C/min; 99.999% of
carrier gas was He at a velocity of 1.3 mL/min.

2.6 Measurement of Maceral Composition and Vi-
trinite Reflectance

Firstly, the samples were cut along with the vertical
direction of bedding; secondly, adding epoxy resin; final-
ly, polishing the samples after laying for 24 h.

Identification and quantification of maceral composi-
tion were using microscopic properties (reflectance and
structure) and surface area, respectively. Groups of sap-
ropelinite and exinite were calculated using reflected fluo-
rescent light and groups of inertinite and vitrinite were cal-
culated using reflected white light fitted with an oil immer-
sion objective. Measurement and classification of macer-
al composition were performed according to the Chinese
Standard SY/T 6414-2014 “Maceral Analysis on Pol-
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ished Surfaces of Whole Rocks” and SY/T 5125-2014
“Method of Determining Maceral Group Composition of
Kerogen and lIts Classification in Transmitted Light and
Fluorescent Light Microscopy”, respectively. The mea-
surement of vitrinite reflectance (R,) was calculated using
a microscope photometer (MPV-SP).

3 RESULTS
3.1 Elemental and Carbon Isotopic Compositions

The TOC content, 5"°C,,,, EOM content, and elemen-
tal composition of kerogen for the source rocks are given
in Table S1. The TOC content is 0.27 wt.%—9.64 wt.%
(mean = 2.83 wt.% ) and the 5"C,, value ranges from
-20.90%o to -28.73%0 (-24.62%0 on average). The C, H, N,
O and S elemental contents of kerogen are 59.27% —
89.99% (81.95% on average), 2.88%—8.97% (5.94% on
average), 1.24% —3.81% (2.51% on average), 2.00% —
22.70% (8.46% on average) and 0.00%-15.58% (1.13%
on average), respectively. Besides, the O/C and H/C
atomic ratios as well as the C/N ratio of kerogen are 0.41
—1.62 (mean = 0.88), 0.02—0.29 (mean = 0.08) and 22.09
—65.25 (mean = 34.24), respectively.

The biogenic barium (Ba,,,) can be used to evaluate
paleoproductivity, which is calculated as the following
equation (Schoepfer et al., 2015; Ross and Bustin, 2009):

Ba - [Al x (Ba/Al)detrial]

where Ba,, and Ba,,,,, are the biogenic content and total
concentration of Ba, and Al is the total concentration
of Al in the studied samples. In this study, (Ba/Al),,,., takes
0.006 8 based on the average related elements’ concen-
tration of the upper continental crust (McLennan, 2001).
The concentrations and ratios of the major and trace ele-
ments discussed in this study are listed in Table S2.

Bab\o - sample sample

3.2 Rock-Eval Pyrolysis

The S, and S, values are 0.07—-10.62 mg HC/g rock
and 0.08-46.68 mg HC/g rock, respectively. The hydro-
gen index (HI) value which is affected by the type and

»
»

(a)

Signal Intensity

y-carotane
B-carotane

Relative retention time

hopane

@ iz217 ¥ /!
I

*aaa20S /l

+aBfB20R 28

A0QBp20S

= qaa20R

Preﬁnane(cy sterane) - —r=2ps

631

preservation of OM and, in turn, indicates the quality of
source rocks, is 10—-506 mg HC/g TOC. The T, value

ranges between 435 and 445 °C. The results of Rock-
Eval pyrolysis are shown in Table S1.

3.3 Organic Petrology

The vitrinite group is dominant (> 50%) in some sam-
ples with the vitrinite reflectance being 0.59%R, —
1.04%R, (mean = 0.82%R,) and the maceral composition
in the rest samples is mainly composed of sapropelinite
including sapropelic amorphogen, sapropelic alginate
and sapropelic debris (66.97% —100%). The exinite and
inertinite are 0%—26% and 0%—100%, respectively. The
details of R, value, maceral composition and the corre-
sponding Tl value are listed in Table S3.

3.4 Molecular Composition of Extractable Organic
Matter
3.4.1 n-Alkanes and acyclic isoprenoids

The acyclic alkanes ranging between n-C,, and n-C,,
are characterized by unimodal distribution in most sam-
ples (Figure 3a). The CPI (carbon preference index; Bray
and Evans, 1961) and OEP (odd-to-even predominance;
Peters and Moldowan, 1993) values vary from 1.02 to
1.99 and from 0.51 to 1.66, respectively (Table S4). Fur-
thermore, the n-C,,/n-C,, and n-C,,/n-C,, ratios vary from
0.25 to 6.36 and from 0.57 to 10.58, respectively. Be-
sides, the TAR (terrigenous/aquatic ratio; Bourbonniere
and Meyers, 1996) value is 0.00—-1.59 (Table S4) and
Pag (submerged/floating macrophytes; Ficken et al.,
2000) value is 0.53—1.00, respectively. The waxiness in-
dex (2n-C,,,,/Zn-C,,,, Peters et al., 2005) ranges be-
tween 0.20 and 2.70 (Table S4). The isoprenoid’s abun-
dances are smaller than its adjacent n-alkane’s in most
samples (i.e., the Pr/n-C,, and Ph/n-C,, ratios are 0.03—
2.14 and 0.05-3.67 (Table S4), respectively) with the Pr/
Ph ratio ranging between 0.71 and 4.02 (Table S4). In ad-
dition, the farnesane (i-C,;), i-C,; and nor-pristane (i-C,,)
are also abundant in all samples (Figure 3a).
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Figure 3. Biomarker characteristics for extracts of source rocks came from Well W9 in this study.
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3.4.2 Terpanes

The terpane distribution is observed by the monitor-
ing m/z 191 ion. The tricyclic terpanes (Tris), C,, tetracy-
clic terpane (Tet) and pentacyclic terpanes (hopanes) are
widely distributed in all samples (Figure 3b).

The Tris ranging between C,, and C,, are observed
in all samples, while extended Tris (C,,and C,) can be
detected in partial samples with the ETR ratio (extended
Tris/Ts; Holba et al., 2001) ranging from 0.00 to 6.15 (Fig-
ure 3b). In the short Tris chains, the abundances of C,,
and C,, Tris are smaller than the Tris before them with
the C,,/C,, Tri of 0.07-0.21 and C,,/C,, Tri of 0.28-0.62,
respectively. However, the abundance of C,Tri is higher
than that of C,Tri in most samples with the C,/C,; ratio
of 0.96-16.61. The abundance of C,, Tet shows a large
variation compared to C,, and C,, Tris with the C,, Tet/C,,
Tri and C,, Tet/C, Tri are 0.00-3.47 and 0.04-7.17, re-
spectively (Table S5).

A series of hopanes, ranging from C,, to C,, except
for C,, including multiple stereoisomers are observed
(Figure 3c). Except for the samples from Well W10, the
hopane concentrations are greater than the Tris concen-
trations with the Tris/hopanes ratio being 0.06—0.76. The
C,, hopane is greater than its adjacent C,, and C,, 22R
hopanes with the C,/C,, hopane ratio of 0.24—-0.95 and
C,, 22R/C,, hopane ratio of 0.09-0.47, respectively (Ta-
ble S5). The low C,, hopane abundance is reflected by
the HHI values of 0.00-0.06 (homohopane index, i.e., C.,/
> C,4s 22S and 22R homohopanes; Peters and
Moldowan, 1991) and C,/C,, hopane ratio of 0-0.73, re-
spectively (Table S5). Besides, gammacerane is detect-
ed with the gammacerane/C,, hopane ratio of 0.04—0.81
(Table S5). The 22S/(22S + 22R) ratios for C,, and C,, ho-
mohopane are 0.46 —0.62 and 0.43 —0.63, closing the
equilibrium level, respectively (Table S5).

3.4.3 Steroids

The sterane distribution is observed by the monitor-
ing m/z 217 ion (Figure 3d). The distribution characteris-
tics of the steranes can be divided into two categories in
the P,p source rocks. The first category is characterized
by the high abundances of C,, and C,, steranes, low abun-
dances of C,, steranes (the C,,/C,, steranes ratio is 0.1—
0.4 and C,,/C,, ratio is generally more than 0.6), and low
or few abundances of diasteranes. The steranes distribu-
tion is “/” type (e.g., Well W6). The second category ex-
hibits abundant C,, and C,, steranes with low C,, abun-
dance, reflected in C,,/C,, ratios > 0.5 and exceptionally
low C,/C,, ratios (typically < 0.3). This category distribu-
tion forms an asymmetrical ‘V’ shape (Figure 3d), accom-
panied by significantly higher diasterane concentrations
compared to the first category.

The C,,aaa 20S/(20S + 20R) and C,, BR/(BB + aa) ra-
tios are 0.14—0.75 and 0.31-0.75 (Table S5), respectively.
The C,, diasteranes/regular steranes ratio varies from 0.00
to 0.88 (Table S5). The pregnane is higher than homopreg-
nane with the pregnane/homopregnane ratio of 1.15-3.20,
andthe C,,,,/C,, ,, steranes ratio is 0—0.70 (Table S5).

4 DISCUSSION
4.1 Source Rocks Characteristics

It is very important that HCs in samples were not
contaminated by migrated HCs. S,/TOC ratio can be
used to determine whether indigenous HCs were contam-
inated by contaminants/migrated HCs (Hunt, 1996). Fig-
ure 4a clearly shows that the HCs are indigenous in all
samples. However, four samples are anomalous (Figure
4b). This inconsistency might be a comprehensive result
of the nature of kerogen type, variation in lithology, and
state of OM preservation (Vaezian et al., 2014). For the
two samples with relatively high Pl values, it might be
due to the migrated HCs. In poorly-drained systems, HCs
discharged and then migrated and “contaminated” the
same source rock unit by seeping from a thin layer of or-
ganic-rich rock into interbedded coarser-grained shales
(Li et al., 2018; Chen and Jiang, 2016; Bernard and Hors-
field, 2014; Reed et al., 2014; Bernard et al., 2012; Jarvie
2012). This is because the interbedded coarser-grained
shales are organic-lean with less HC generation potential
but contain more matrix pore space for migrated HCs
and thereby show higher PI values (Cornford, 1998). Cor-
respondingly, the two samples that have lower Pl values
may indicate the shale after HC expulsion.

411 Abundance and thermal maturity of organic
matter

Both the S, + S, and EOM contents are positively re-
lated to TOC content (Figures 4c,4d), indicating most of
the samples are good-excellent source rocks (GP con-
tent > 6 mg/g; EOM content > 0.1%; and TOC content >
1.0%, respectively).

Both the T, and R, values illustrate the thermal ma-
turity of OM in the source rocks are low mature and ma-
ture stages (Figure 5), which is consistent with the follow-
ing molecular thermal maturity parameters. The parame-
ters including the ratios of C,, and C,, hopane S/(S + R)
(Figure 6a) align with the thermal maturity indicated by
the C,, aaa 20S/(20S + 20R) and BR/(BR+aa) sterane ra-
tios (Figure 6b), illustrating uniform low mature and ma-
ture stages.

4.1.2 Origin of organic matter

Firstly, a bacterial contribution to the OM is evi-
denced by the occurrence of branched alkanes (Shiea et
al.,, 1990) and farnesane which is an indicator of green
sulfur bacteria (Summons and Powell, 1987). Besides,
short-chain Tris (C,, and C,;) are believed to be related to
bacteria (Marynowski et al., 2000). Hopanes mainly de-
rive from hopane polyols found in bacterial membranes
(Ourisson and Albrecht, 1992; Ourisson and Rohmer,
1992) and are generally used as a biomarker for aerobic
bacteria (Peters et al., 2005). The high concentration of
hopanes is evidence of bacteria as well (Figure 3c).

Secondly, aquatic plants including saltwater algae,
fresh algae, Sphagnum moss species, submerged mac-
rophytes, phytoplankton (e.g., Nymphaea), and aquatic
pollen taxa are important OM sources. n-Alkanes with
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low carbon numbers (e.g., n-C,,—C,;) represent typical
OM input from algae and phytoplankton (Luo et al., 2016;
Meyers, 1997; Table S4). n-Alkanes with peak carbon of
C,, or C,, (Table S4) typically originate from cyanobacte-

ria and algae (Riboulleau et al.
dle-chain n-alkanes (n-C,, ) originate from aquatic
plants (Ficken et al., 2000), especially with relatively high
concentrations of n-C,, and n-C,, alkanes (Huang et al.,

, 2007; Hunt, 1996). Mid-
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1999) corresponding to high concentrations of aquatic
pollen taxa, Nymphaea (Coetzee, 1967), Sphagnum
moss species (Bingham et al., 2010; Nichols et al.,,
2006), fresh-water algae (Riboulleau et al., 2007). More-
over, Paq > 0.4 indicates submerged/floating fresh-water
macrophytes input (Ficken et al., 2000) and moderate
ETR values may be related to an algal contribution from
primary producers (Volk et al., 2005). The high C,, ster-
ane abundance further suggests an attribution of microal-
gae OM in the samples (Volkman, 2003; Huang and
Meinschein, 1979). The Lucaogou Formation which main-
ly developed in the southern Junggar Basin deposited
with the P,p Formation at the same time (Luo et al.,
2018). Microbial fossils that might from methanotrophic
archaea and sulfate-reducing bacteria have been ob-
served by Xie et al. (2015) in the Lucaogou Formation.

Thirdly, long-chain n-alkanes with obvious odd car-
bon predominance in n-C,,—C,, in most samples are gen-
erally attributed to higher plants (Eglinton and Calvin,
1967) and presences of C,,, C,, and C,, n-alkanes indi-
cate that land plant epicuticular waxes are an important
source of geolipids to the source rocks (Meyers, 1997).
Besides, the OM sourced from land plants is further sup-
ported by the higher abundances of C,, Tet and C,, ster-
anes. The OM derived from higher plants can also be
supported by the Permian palynofloras dominated by
gymnospermous pollen, such as conifers and ferns, in
the Junggar Basin (Zhu et al., 2005).

In summary, based on the above evidence, the OM
origin is a mixture of algal-bacterial-land plants, which is
further supported by the combination of low to middle C,,/
C,, Tri and low C,,/C,, Tri ratios (Adegoke et al., 2014).
Moreover, a series of indicators reflecting the relative
contribution of each component, such as the n-C,,/n-C,,
ratio indicating the relative contribution of marine/saltwa-
ter and fresh-water algae (Riboulleau et al., 2007), n-C,,/
n-C,, ratio, TAR and waxiness values suggesting the rela-
tive contribution of bacterial-aquatic and terrigenous in-
puts (Bourbonniere and Meyers, 1996; Connan and Cas-
sou, 1980), steranes/hopanes ratio suggesting the rela-
tive contribution of plant and microorganism (Peters et
al., 2005), and distribution of n-alkanes, show great varia-
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Figure 7. Ternary diagram showing the distribution of C,,, C,, and
C,, steranes and depositional environment of the P,p source rocks in
the Wucaiwan sag, Junggar Basin (modified after Moldowan et al.,
1985; Huang and Meinschein, 1979).

tions, indicating the OM composition is complicated. A ter-
nary diagram showing the distribution of the C,,, C,, and
C,, steranes and paleodepositional environments of the
P,p source rocks is shown in Figure 7, indicating the OM
sources were mixed by phytoplankton, land plants and
bacteria under terrestrial, bay and estuary environments.
Additionally, the first category samples are mainly con-
centrated on the margin of the sag, such as Well W8, in-
dicating the proportion of aquatic organisms was relative-
ly small and that of terrestrial plants was relatively large,
while the second category which suggestive of an in-
crease in aquatic organisms and a decrease in terrestrial
land plants compared with the first category mainly dis-
tributed in the center of the sag, such as Well W9 (Fig-
ure 3d).

The kerogen type in the source rocks can be inter-
preted as types Il and Ill kerogens with a small number
of Type | kerogen based on the results from Rock-Eval
pyrolysis (Figures 8a and 8b) and atomic ratios (Figure
8c), which indicates a mixture of minor planktonic-bacteri-
al inputs and major terrestrial higher plants. The maceral
composition shows a similar result (Table S3). It should
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be noted that Figures 8a and 8b show smaller contribu- mixture of higher plants and phytoplankton in lacustrine
tions of Type | kerogen in the studied samples in compari- environments (Figure 9a; Lamb et al., 2006; Hedges et
son to Figure 8c. This might be due to two reasons. On al., 1997; Meyers, 1994).

the one hand, the thermal maturity of OM effect on S, val-

ues is not considered in Figure 8b. On the other hand, hy- 4.2 Paleodepositional Environment
drogen in H/C atomic ratio means the total hydrogen (in- In lake systems, salinity is very important for the
cluding both S, and S,) present in samples (including hy- composition of aquatic organism community (Qiao et al.,
droxyl), while HI measures only detectable material re- 2021b; Romero-Viana et al., 2012). Generally, C,,22R/
leased by pyrolysis of OM and does not account for the C,, hopane ratio of > 0.25 indicates marine situations,
hydrogen content in the thermal extract (S,). The high S, while of < 0.25 refers to lacustrine environments (Peters
value corresponding to about 3.20%—-65.03% of the total et al., 2005). The C,, 22R/C,, hopane ratio indicates the
HCs released during pyrolysis might add to the elevated P,p source rocks were deposited in a lacustrine environ-
H/C atomic ratio at a moderate HI value. Furthermore, ment, which is consistent with the C,/C,,Tri and C,,/C,;
the 8"C,, value is usually consistent with an ecosystem hopane ratios of > 1, low C,/C,,and C,/C,, Tri ratios,
dominated by terrestrial C, plants (Figure 9a; Robinson and low HHI values (Peters et al., 2005; Sinninghe
and Hesselbo, 2004; Freeman and Colarusso, 2001). In Damsté et al., 1995; Peters and Moldowan, 1991). Be-
addition, although C/N ratio of kerogen is easily affected sides, the regular decreasing distribution from C,, to C,
by other factors, the high C/N ratio ranging from 21.65 to hopanes in the samples illustrates clastic facies (Figure
76.13 (mean = 39.35) indicates that the OM of the source 3c; Waseda and Nishita, 1998). In addition, the C,/C,,
rocks was dominated by terrestrial C, plants with little hopane ratio of < 1 indicates that the source rocks are
freshwater dissolved organic carbon (DOC) which is a clay-rich source rocks (Gurgey, 1999). The clay-rich envi-
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Figure 8. Plots of (a) HI versus T __ values (modified after Cornford et al., 1998), of (b) S, value versus TOC content (modified after Langford

and Blanc-Valleron, 1990) and of (c) O/C versus H/C atomic ratios (modified after Peters, 1986), showing kerogen types for the samples from
the P,p source rocks in the Wucaiwan sag, Junggar Basin. Note: HI = hydrogen index (S, x 100/TOC), mg HC/g TOC.
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ronment can be further supported by the high C,, diaster-
anes/regular steranes ratio compared to the C,,,,/C,,,,
steranes ratio (Figure 10; Zheng et al., 2022; Qiao et al.,
2021a). The non-marine depositional environment is fur-
ther indicated by the high Pr/n-C,, ratio of > 0.6, appear-
ance of B-Carotane (Figure 3b), low steranes/hopanes ra-
tio of < 1, and low abundance of C,, sterane (Peters et
al., 2005). Based on the biomarker parameters, the study
area was a typical clay-rich lacustrine environment with-
out seawater intrusion. The lacustrine environment with
large variation in salinity is further supported by the low
Tris/C,, a hopane ratios as well as low pregnane and ho-
mopregnane compared to steranes (< 0.1) in most sam-
ples (Qiao et al., 2021b; Peters et al., 2005; Requejo et
al., 1997; Kruge et al., 1990; ten Haven et al., 1985) (Fig-
ure 11a). The lacustrine environment was also interpreted
in the Shazhang fault-fold zone (Zhang et al., 2021) and in
the Shishugou sag based on lithological analyses and da-
ta of source rocks from Well Shishu 1 (Kuang et al., 2012).

The same result can be deduced from the existence
of gammacerane which is inductive in the stratification of
water columns (Peters et al., 2005; Sinninghe Damsté et
al., 1995). Gammacerane originates from tetrahymanol
(ten Haven et al., 1989), synthesized by bacterivorous cili-
ates that feed at the interface between anoxic and oxic
zones in stratified water columns (Sinninghe Damsté et
al., 1995). The concentrations of gammacerane indicate
the stratification of water columns in a lacustrine environ-
ment. Stratification of water columns includes thermal
stratification and saline stratification (Peters et al., 2005).
Gammacerane may occur in a longitudinal direction of the
high saline water with the above inferences on the rea-
sons for the change of salinity. The wide range of gammac-
erane/C,, hopane ratio indicates the variation in salinity.

In addition to paleosalinity, the paleoredox condition
is another important factor affecting OM preservation
(Qiao et al., 2021a, b). Pr/Ph ratio is widely used as a good
proxy for paleoredox situations (Zhang et al., 2020; ten Ha-
ven etal., 1987; Didyk et al., 1978). Pr/Ph < 1 (related to in-
creasing algae input) indicates anoxic environments, and
Pr/Ph > 3 indicates oxic situations with a significant contri-
bution of terrigenous plants and aquatic organisms (Didyk
et al., 1978). The higher Pr/Ph ratio, the more oxidation de-
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gree, and the shallower water columns in paleoenviron-
ments (marshes, wetlands, paralic etc.). Only one of the
studied sample showing Pr/Ph of > 3 indicates reducing sit-
uations with few oxic environments (Table S4; Peters et al.,
2005; Didyk et al., 1978), which are further demonstrated
by the plot of Pr/n-C, vs. Ph/n-C,,(Figure 11b).

4.3 Factors Controlling Organic Matter Accumulation

Paleoredox conditions and paleoproductivity are the
most important controlling factors on OM accumulation in
OM-rich sediments even though distribution, enrichment
and development of OM-rich sediments are the results of
a series of complex physical and chemical processes
(Liu et al., 2021). Although the regional/periodic oxic con-
dition was not in favor of OM preservation, the moderate
biological productivity in the sag was the material basis
for developing OM-rich deposits (Wu et al., 2022a; De-
maison and Moor, 1980; Hunt, 1979). Nutrient elements,
such as Cu and Ni, combine with OM or form organic
complex compounds to deposit, and redox conditions
have little effect on them (Nameroff et al., 2004; Piper
and Perkins, 2004), so they can be used to evaluate pa-
leoproductivity. In order to eliminate the input effect of
terrigenous clastic materials, Ni and Cu concentrations
compared to Al concentration are used to evaluate paleo-
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productivity in this study. The Ni/Al and Cu/Al ratios are
2.21 x 10*-9.16 x 10* (avg. 5.62 x 10*) and 2.47 x 10—
26.01 x 10* (avg. 10.35 x 10*), respectively, which is sim-
ilar to the ratios of the Wufeng and Longmaxi shales (i.e.,
Ni/Al ratios are 4.04 x 10*-54.63 x 10* with an average
value of 11.96 x 10* and Cu/Al ratios are 3.35 x 10*—
34.33 x 10* with an average value of 8.60 x 10*) (Zhao
et al., 2016), indicating an overall moderate paleoproduc-
tivity level which exactly covers from low to high levels in
comparison to the high upwelling productivity offshore
Peruvian (Ni/Al ratios are 1.91 x 10*-55.35 x 10* with an
average value of 23.38 x 10* and Cu/Al ratios are 8.7 x
10*-24.5 x 10* with an average value of 15.2 x 10* on
average) (Boning et al., 2004), in comparison to the high
productivity in the Lower Cambrian Niutitang shale (Ni/Al
ratios are 2.58 x 10“-161.44 x 10* with an average val-
ue of 41.15 x 10* and Cu/Al ratios are 3.54 x 10" -
137.33 x 10* with an average value of 41.01 x 10*) (Tan
et al., 2021), and in comparison to the low paleoproduc-
tivity in the Longtan Formation where Ni/Al ratio is 1.80
x 10*-5.11 x 10* (avg. 3.17 x 10*) and Cu/Al ratio is
1.23 x 10*-3.66 x 10* (avg. 2.84 x 10*) (Wu et al,
2022b). Compared to Cu and Ni, Ba escapes easily in re-
ducing environments (Schoepfer et al., 2015). So, the re-
ducing condition (Figure 11b) might result in the underes-
timation of the paleoproductivity based on Ba. However,
the Ba,, of 0 ppm-724.80 ppm (372.68 ppm on average)
also indicates an overall moderate paleoproductivity in
comparison to that of 38 ppm-8 264 ppm (avg. 1 521
ppm) in the Lower Cambrian Niutitang shale (Tan et al.,
2021). Such large heterogeneities in paleoproductivity
proxies are relatively common in terrestrial lake sedi-

ments. This is because scales of lacustrine basins with
weak fragile ecosystems are much smaller than those of
marine settings, and terrestrial lakes are easily affected
by external factors (e.g., freshwater and terrestrial OM in-
puts), leading to the variations of issues including OM
types, salinities of water columns and redox conditions
of benthic water, etc. In this study, all related parameters
mentioned above, e.g., TOC contents, show great varia-
tions. As a result, the paleoproductivity and controlling
factors for OM in lacustrine settings are more complex
and variable.

The relative importance of paleoredox condition and
paleoproductivity as controlling factors on OM preserva-
tion can be evaluated via the relationship between TOC
content and 5"C, value. Where paleoproductivity is the
controlling factor, 5"°C,, value is positively correlated to
TOC content; where OM preservation is controlled by pa-
leoredox conditions, the relationship generally shows a
negative correlation (Qiao et al., 2022, 2020; Huang et
al., 2017; Curiale and Gibling, 1994; Freeman et al,,
1994, 1990; Hollander and McKenzie, 1991).

The Wucaiwan sag exhibited a weak weathering in-
tensity due to the aridity/cold paleoclimate condition dur-
ing the Permian glacial stage (Zhu et al., 2005; Gonzalez,
1990) and resulting in a weak dilution of terrestrial inputs.
The relatively cold and arid paleoclimate conditions were
beneficial to brackish-water conditions (high gammacer-
ane abundances for most samples in Figure 12). Similar
paleodepositional conditions can be observed in the Qaid-
am Basin (Qiao et al., 2021b). The water stratification
was brackish-water condition superposed by periodic/oc-
casional fresh-water influx (e.g., rainfall and river drain,
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Figure 12. Stratigraphic distributions of lithology, TOC content, and geochemical data of the P,p Formation from Well W7.
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which can be supported by the higher C,,,,/C,, ,, steranes
and lower 5"C,, value at around 3 070 m; Figure 12),
which resulted in fresh-water condition and well oxygenat-
ing in the water column during overturn processes (the un-
usually lower gammacerane and 613Corg values at around
3 070 m; Figure 12). Along with fresh-water influx, plenty of
terrestrial plants were transported in the sag which result-
ed in a relatively large proportion of terrestrial higher
plants in the source rocks (the unusually high 24 Tet/C,, Tri
and C/N ratios at around 3 070 m; Figure 12). During peri-
odic/occasional fresh-water influx periods with plenty of ter-
restrial plants inputs, the paleoredox conditions of the sag
were relatively oxic in the shallow fresh-water which experi-
enced strong oxidation and decomposition of OM, there-
fore were not conducive for the OM preservation. However,
the primary productivity made up for this deficiency, and
was the main controlling factor in the samples with high
TOC content. A suitable supply from terrestrial inputs can
promote the biotic paleoproductivity during periodic/
occasional fresh-water influx periods (relatively high TOC
contents at around 3 070 m; Figure 12), and a relatively
high sedimentation rate can reduce the oxidation and de-
composition times of OM. The excess terrestrial OM input
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compensated for the preservation of OM under adverse
oxidation conditions, which can be supported by the posi-
tive relationship between TOC and 5"C,, value for the
samples with 3"°C_, value < -26%. which indicates fresh-
water conditions and terrestrial environments (Mackie et
al., 2005; Andrews et al., 2000; Figure 9b). The periodic/
occasional fresh-water influx not only led to the variation
of paleoredox conditions and paleosalinity but also result-
ed in the variation in the OM composition (Figure 12 at a
depth around 3 070 m and Figure 13a). By contrast, the
terrestrial higher plants proportion decreased, and the
aquatic organisms proportion increased in the sag during
the periods without fresh-water inputs (Figure 13b). This
setting was characterized by the lower TOC content, re-
ducing and high salinity conditions. This case corre-
sponds to the 5"°C,, value being greater than the -26%o ar-
ea in Figure 9b where a negative relationship between
the TOC content and 5"C,, value occurred, indicating the
redox condition was more important for the preservation
of OM accumulation due to the decrease of the biotic
source and reducing conditions. It should be noted that
the whole study area developed lacustrine source rocks
without seawater intrusion.
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Briefly, the Wucaiwan sag developed reducing envi-
ronment in benthic water and brackish-water column,
which were in favor of OM accumulation. However, this
situation can be superposed by periodic/occasional fresh-
water influx resulting in fresh-water condition and well ox-
ygenating in the water column during overturn process-
es, which was not in favor of OM preservation. Neverthe-
less, the input of fresh-water with more terrestrial high
plants made up for this deficiency and lead to the high
OM contents in the studied area of OM.

5 CONCLUSIONS

Based on the comprehensive study of carbon isoto-
pic composition, biomarker characteristics, element com-
positions of kerogen and whole rock, organic petrology,
and Rock-Eval data, the hydrocarbon potential, develop-
ment conditions and factors controlling the formation of
the Permian Pingdiquan (P,p) source rocks in the Wucai-
wan sag are interpreted.

(1) The P,p Formation developed both well-drained
and poorly-drained lacustrine source rocks. The hydrocar-
bon potential is good-excellent with low to middle thermal
mature stages of organic matter.

(2) The organic matter sources were mixed, includ-
ing plenty of terrestrial C, higher plants and some aquatic
organisms including aerobic bacteria, green sulfur bacte-
ria, saltwater and fresh algae, Sphagnum moss species,
submerged macrophytes, Nymphaea, and aquatic pollen
taxa. The proportion of terrestrial higher plants de-
creased and that of aquatic organisms increased from
margin to center of the sag.

(3) The source rocks were deposited under brackish-
water and reducing conditions with the periodic/occasion-
al fresh-water influx (e.g., rainfall and river drain) result-
ing in fresh-water conditions and well oxygenating in the
water column during overturn processes.

(4) The paleoproductivity was the main controlling
factor for the accumulation of organic carbon in the sam-
ples that occurred fresh-water influx. However, during the
intervals of the fresh-water influx, the redox conditions
showed a more important controlling factor in the organic
matter accumulation due to the decrease of the biotic
source.
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