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a b s t r a c t

The lacustrine organic-rich shale in the Permian Lucaogou (LCG) Formation of the Jimsar Sag, Junggar
Basin, is one of the main shale oil plays in China. In this paper, geological and geochemical research
techniques were employed to evaluate the geochemical variability of the lacustrine shale and the pro-
duction of organic matter and its preservation conditions. The LCG Formation is characterized by its
complex mineral compositions and a wide range of organic matter richness and quality. The presence of
high proportions of b-carotane and C29 steranes, indicates that the organic matter mainly originated from
phytoplankton and aquatic algal-bacterial organisms, especially cyanobacteria. This study found that the
productivity of the Lower LCG Member (P2l1) was highest, and the Middle LCG Member (P2l2) was the
lowest. During the deposition of the Lower LCG Member, the lake's bottom water was predominantly a
reducing environment, and the degradation of organic matter was largely a result of bacterial sulfate
reduction. During the deposition of the Middle and Upper LCG members, the lake's bottom water was
mainly oxidizing, and the degradation of organic matter was likely to be caused by aerobic processes.
Based on a comprehensive analysis of the origin and production of organic matter, as well as its depo-
sitional environment and preservation conditions, two organic matter accumulation models were pro-
posed to explain the distribution of the organic-rich shale. In model A, the high influx of volcanic ash
released nutrients and brought abundant sulfate into the water, the accumulation of organic matter was
mainly controlled by the preservation of organic matter, which was mainly controlled by BSR. In the
model B, the influx of volcanic ash was small, organic matter was mainly degraded by oxygen and the
accumulation of organic matter is mainly determined by the production of organic matter.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Organic-matter-rich shales are the main target rocks for un-
conventional oil and gas exploration and development around the
world (Jarvie et al., 2007; Katz and Lin, 2014; Zou et al., 2019).
Lacustrine shales show growing potential for conventional and
unconventional petroleum exploration, especially in China (Carroll
and Bohacs, 2001; Zou et al., 2015; Hu et al., 2021). Previous studies
show that lacustrine organic-matter-rich sediments may feature
strong variations in geochemical characteristics and hydrocarbon
(HC) potential (Keym et al., 2006; Hao et al., 2011; Katz and Lin,
hina University of Petroleum,
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2014; Li et al., 2017). Lacustrine organic-rich sediments have the
potential for significant petroleum resources (Hao et al., 2011; Hu
et al., 2022), especially unconventional resources, such as tight oil
and gas, and shale oil and gas (Zou et al., 2019; Cao et al., 2021).

Based on different tectonic settings and depositional processes
of modern and ancient lakes, many models have been proposed for
the development of lacustrine organic-rich sediments (Hao et al.,
2011), such as the stratified lake and the playa-lake model of the
Green River Formation (Bradley, 1970; Eugster and Surdam, 1973),
the deep anoxic lake model (Demaison and Moore, 1980), the large
mesosaline alkaline closed lakemodel (Kelts, 1988), the moderately
deep tropical lake model (Katz, 1990), and the small shallow lake
model (Ding et al., 2015, 2016).

The Permian Lucaogou Formation (LCG) within the Jimsar Sag is
characterized by a complex mineral composition (Xi et al., 2015;
Zheng et al., 2016; Wang et al., 2020; Yang et al., 2022) and abudant
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organic matter (Liu et al., 2012; Liu et al., 2022). Terrigenous detrital
material, carbonates and volcanic ash also are components of LCG.
The volcanic material may have influenced lake water chemistry
and depositional environment, thus playing a role in the produc-
tivity and preservation of organic matter (Langmann et al., 2010;
Turgeon and Creaser, 2008; Morel and Price, 2003). Previous
studies on LCG organic-rich shales were mainly dealing with its
geochemical or source rock character addressing organic matter
richness, type, andmaturity (Cao et al., 2015, 2016; Qiu et al., 2016a;
Hu et al., 2017; Ding et al., 2017). There has been little discussion on
the production, preservation, and accumulation of organic matter,
including the role of volcanic ash in these processes.

This study represents a comprehensive examination of the
Permian LCG organic-rich shale, which includes the geochemical
and petrological features of the lacustrine source rock, the origin,
production and preservation of organic matter, and the evolution of
the depositional environment. Accumulation models are then
proposed for lacustrine organic-rich shales based on integrating
geological and geochemical data. These models should provide
insight into study of organic-rich shale and shale oil exploration in
other lacustrine basins.

2. Geologic setting

The Jimsar Sag, with an area of 1278 km2, is located in the
eastern uplift of the Junggar Basin (Fig. 1). It is one of the main
petroliferous basins in northwestern China (Chen et al., 2016; Tang
et al., 2021; Hou et al., 2021). Recent advancements in shale oil
exploration have led to the discovery of an estimated 17.85 billion
barrels of geologic hydrocarbon resources (Qiu et al., 2016b). With
the discovery of a large amount of tight oil and shale oil, the Jimsar
Sag has become a hot spot for unconventional resource exploration
in China (Wang et al., 2015; Jiang et al., 2015; Jin et al., 2021).

The Jimsar Sag is a dustpan-shaped depression and has a gentle
structure, with a boundary fault in the west and stratigraphic
overlap in the east (Fig. 2). The basement is an Upper Carboniferous
flexure, with a Permian to Quaternary sedimentary cover. The sag
has undergone multistage tectonic movements, including the
Hercynian, Indosinian, Yanshan and Himalayan, since the Carbon-
iferous Period (Yang et al., 2017). As a result, the LCG Formation is
thick in the west and south rims and pinchs out gradually towards
the east rim (Figs. 1b and 2).

The Permian LCG Formation contains abundant organic matter
(mainly kerogen type II), making it a high-quality source rock with
high hydrocarbon generation potential (Kuang et al., 2012, 2022).
The organic-rich shale, with a thickness of 200e300m, is the target
formation of shale oil exploration in the sag (Luo et al., 2018)
(Fig. 1c). The LCG Formation was mainly deposited in a saline
lacustrine environment, with a large influx of authigenic sedi-
ments, volcanic materials, and terrigenous clastic materials. The
LCG Formation is characterized by thin monolayers and frequently
alternating lithologies (Shao et al., 2015; Pang et al., 2022) and can
be further divided into Lower (P2l1), Middle (P2l2) and Upper (P2l3)
members.

3. Samples and methods

Samples from the LCG Formationwere collected from cores of an
exploration well in the Jimsar Sag, as shown in Fig. 1b. More than
200 samples were obtained for such analyses as X-ray diffraction,
total organic carbon (TOC) measurements, Rock-Eval pyrolysis and
gas chromatography-mass spectrometry (GC-MS).

Seventy core samples were analyzed for whole-rock (bulk)
mineralogy using a DRON 3M Powder X-ray diffractometer. Prep-
aration, analysis, and interpretation of the samples follow the
1328
procedure outlined by Hillier (2003), and results are shown in
Appendix Table 1.

TOC values were measured using a LECO-CS-230 carbon/sulfur
analyzer. Before the analysis, all powdered samples were treated
with HCl at 60 �C for 24 h to remove carbonates and then washed
with distilled water to remove the HCl. Pyrolysis was then carried
out to measure Tmax, S1, and S2 using a Rock-Eval VI instrument,
according to the China National Standard of rock pyrolysis analysis
GB/T18602-2012, as described by Cao et al. (2018). Where S1 is the
amount of free hydrocarbons volatilized from the rock sample (mg
of HC/g of rock), S2 is the amount of hydrocarbons produced as a
result of the cracking of organic matter (mg of HC/g of rock), and
Tmax (�C) is the temperature at which the amount of hydrocarbon
generation from kerogen cracking reaches its maximum. In the
experiment, the powdered samplewas heated to 300 �C in a helium
atmosphere such that S1 was measured. Then the sample is heated
continuously from 300 �C to 600 �C at a constant rate of 25 �C/min,
during which S2 and Tmax were measured. The TOC and Rock-Eval
results are summarized in Appendix Table 2.

A total of 62 core samples were powdered, extracted and
separated into saturate, aromatic and polar fractions for gas
chromatography-mass spectrometry (GC-MS) analysis. Soxhlet
extraction was conducted using a chloroform/methanol solution
(87:13, v/v) for 72 h. The extractable organic matter was separated
into saturated hydrocarbon, aromatic hydrocarbon and polar frac-
tions. The saturated hydrocarbon fraction was dissolved in hexane
and analyzed by gas chromatography (GC) using an HP-5MS col-
umn, with the temperature programmed to increase from 40 �C to
300 �C at a rate of 4 �C/min, and then held at 300 �C for 30 min. The
GC-MS analyses of the saturated fraction were performed using an
HP6890GC/5973MSD instrument, equipped with an HP-5MS fused
silica column (30 m � 0.25 mm, i. d., film thickness 0.25 mm). The
GC oven temperature for analysis of the saturate fractions was held
at 50 �C for 2 min, then programmed to increase to 100 �C at 20 �C/
min, then to 310 �C at 3 �C/min, before being held at 310 �C for
16.5 min. Biomarker ratios were calculated from the peak areas of
individual compounds, with results summarized in Appendix
Table 3.

4. Results

4.1. Mineralogy and petrography

Thin-section examination and XRD study show that LCG
organic-rich shales are characterized by a complex mineral
composition with various rock components, including quartz,
plagioclase, K-feldspar, clay, dolomite, ankerite, calcite, and pyrite
(Fig. 3; Appendix Table 1).

Quartz is one of the main mineral constituents, accounting for
8.2 wt% to 39.3 wt%, with an average of 20.8 wt% with no obvious
trend across the entire LCG. The average plagioclase content is 23.3
wt%, similar to that of quartz, but with a broader range from3.0 wt%
to 49.8 wt%. Plagioclase content increases from the Lower LCG
Member to the Upper LCG Member. K-feldspar is less abundant
than plagioclase, ranging from 0.6 wt% to 13.1 wt% and low in the
Middle LCG Member. Clay content ranges from 0.9 wt% to 35.9 wt%
(10.8 wt% average) and is relatively higher in the Middle LCG
Member. The dolomite content has the largest range from 7.5 wt%
to 80.1 wt% (27.7 wt% average). Aweak increasing trend in dolomite
content is observed from the Lower to Upper LCG Member. The
content of other minerals, such as ankerite, calcite, pyrite, and
zeolite minerals, are very low. It is worthy of note that the content
of calcite and pyrite from the Lower LCG Member are much higher
than that from the Middle and Upper LCG members.

Dolomites, mudstones, tuffites and siltstones are four



Fig. 1. (a) Map of the Junggar Basin in northwestern China, showing the location of the Jimsar Sag; (b) structure contour map of the surface of the Lucaogou Formation in the Jimsar
Sag, showing the well from which core samples were taken; (c) a summary of the lithostratigraphy of the Jimsar Sag (modified after Jiang et al., 2015). Form. ¼ Formation.

Fig. 2. Geological cross-section of the Jimsar Sag for the segment AA0 in Fig. 1.
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predominant rock types identified based on cores and thin section
observations, shown in Fig. 4. Complex grain assemblages with
various mixtures of extrabasinal detrital components, intrabasinal
carbonate components, and volcaniclastic components were
1329
observed. For instance, dolomites comprise of a large proportion of
intraclast and micrite components with a small proportion of sili-
ciclastic grains and tuffaceous components. Feldspar and detritus
are the predominant components in the siltstones with a low
proportion of carbonate or tuffaceous material. Framboidal pyrite
and vitroclastics are very common and can be easily identified
using the scanning electron microscope (Fig. 4). In summary, the
mineralogy and petrography indicate that the LCG Formation is
composed of a regularly alternating sequence of mudstone, dolo-
mitic sandstone, detrital dolomite, dolomite and tuffite.
4.2. TOC and Rock-Eval

The LCG Formation exhibits a wide range of TOC contents, from
0.34% to 10.58% with mean value of 3.20% (Table 2, Fig. 5). In gen-
eral, there are no significant trends in TOC contents across the
entire LCG Formation. However, it should be noted that the het-
erogeneity of TOC content is greater in the Lower and Upper LCG
members than the Middle LCG Member, where both the highest
and lowest TOC content values were seen. It seems that there may
be weak trend of decreasing first and then increasing TOC content



Fig. 3. Variations of mineral contents reflecting mineral composition of the Lower Permian Lucaogou shale in the Jimsar Sag as a function of burial depth.
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from the bottom to the top of LCG Formation.
The values of S2 show a similar distribution as TOC content, with

relatively high values in the Lower and Upper LCG members. The
hydrocarbon generation index (S1þS2) is in the range of
0.32e66.54 mg/g, with a mean value of 12.69 mg/g (Table 2, Fig. 5).
Generally, anything above 6.0 mg HC/g is indicative of high hy-
drocarbon potential (Peters et al., 1999). The HI (S2/TOC) value
initialy decreases, then increases, and at last decreases again from
the bottom to the top of LCG Formation, with the relatively high
values mainly distributed in the Lower and Upper LCG members.
4.3. Organic matter microscopic component

Polished blocks were examined for the identification and
description of maceral groups containing liptinite, vitrinite, iner-
tinite, and bitumen. According to the well-established ICCP liptinite
classification (Sýkorov�a et al., 2005), the liptinite group includes
bituminite, alginite, cutinite, sporinite, suberinite, resinite, exsu-
datinite and liptodetrinite. In the LCG organic-matter-rich shales,
bituminite and alginite are found to be relatively abundant;
whereas, cutinite, sporinite and liptodetrinite are less abundant.
The bituminite features three distribution patterns: 1) locally
agglomerated and surrounded by minerals (Fig. 6a), 2) stripe-like
and parallel with formation bedding (Fig. 6b) and 3) finely
dispersed within the mineral-bituminous groundmass (Fig. 6c).
Compared with bituminite, alginite has a more pronounced yellow
fluorescence (Fig. 6d and e). The alginite is found to be well-
preserved and observed in several samples.

Vitrinite, with a particle size of 10e100 mm, were mainly
transported and deposited along with mineral matter (Fig. 6g and
f). Under incident blue light, inertinite shows no fluorescence;
under reflected white light, its reflection is stronger than vitrinite
but weaker than pyrite (Fig. 6h). Bitumen occurs mainly in pores
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and micro-fractures as a byproduct of the hydrocarbon generation
or migration process (Fig. 6i).
4.4. Molecular biomarkers analysis

Biomarkers have drawn much attention over the past few de-
cades, mainly because of their utility in assessing organic matter
origin and depositional conditions (e.g. salinity, redox conditions,
etc.) (Peters et al., 2005). The distribution of biomarkers in the LCG
organic-matter-rich shale samples is shown in Fig. 7.

The organic-matter-rich sediment extracts contain a full range
of C13eC31 n-alkanes and isoprenoids, including pristane and
phytane. The n-alkane patterns including both short chain
(nC12enC21) and long chain (nC22enC35) n-alkanes (Fig. 7). The
samples display pristane/phytane (Pr/Ph) between 0.74 and 2.10,
Pr/n-C17 between 0.15 and 2.25 and Ph/n-C18 between 0.09 and 3.08
(Fig. 7 and Appendix Table 3). The analyzed samples display wide
variations in the relative abundance of pristane, n-C17, phytane, n-
C18 and b-carotane, suggesting changes in depositional environ-
ment and original biomass.

The gammacerane/C30hopane of the samples ranges from 0.07
to 0.27, with average of 0.17 (Fig. 7 and Appendix Table 3). The
analyzed samples has C27sterane 20R/(C27sterane 20R þ C28sterane
20R þ C29sterane 20R) ranging from 6.32 to 28.54, C28sterane 20R/
(C27sterane 20R þ C28sterane 20R þ C29sterane 20R) ranging from
28.72 to 57.26, C29sterane 20R/(C27sterane 20R þ C28sterane
20R þ C29sterane 20R) ranging from 28.05 to 60.93 (Fig. 7 and
Appendix Table 3). The wide variation in the relative abundance
shown by terpane and sterane series, such as tricyclic terpanes, Ts,
Tm, gammacerane, C27 steranes, C28 steranes and C29 steranes, is
interpreted here to reflect differences in organic matter input and
water salinity.



Fig. 4. Photomicrographs of thin sections of single polarized light (blue epoxy resin-impregnated) and scanning electron microscope (SEM) images of the Lower Permian Lucaogou
Formation in the Jimsar Sag showing lithology and mineral: (a) 3138.76 m, dolomite; (b) 3151.31 m, bioclastic dolomitic mudstone; (c) 3210.69 m, silty dolomitic mudstone; (d),
3241.89 m, tuffaceous silty mudstone; (e) 3262.59 m, tuffite; (f) 3283.74 m, dolomitic siltstone; (g) 3306.97 m, limy silty mudstone; (h) 3328.48 m, dolomitic mudstone; (I) 3152.98
m, framboidal pyrite; (J) 3284.20 m, framboidal pyrite; (k) 3125.08 m, vitroclastic; (I) 3332.81 m, vitroclastic.
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5. Discussion

5.1. Quality of source rocks

A Rock-Eval S2 vs. TOC content in log scale is shown in Fig. 8 for
three groups (Upper-Middle-Lower) of LCG Formation. The quality
of source rock can be evaluated as poor source rock, fair source rock,
and good to excellent source rock (Peters and Cassa, 1991). Most of
the samples are plot in the fair to excellent source rock areas with
TOC contents greater than 1.0%, and S2 values greater than 2mgHC/
g. There are some subtle variations in the vertical trends from the
Lower to Upper LCG members. Generally speaking, the average
source rock quality of the Middle LCGMember is better than that of
Lower and Upper LCG for two reasons: 1) it is more homogeneous;
and 2) the presence of poor-quality source rock is nominal.
1331
Thewide HI range as demonstrated in Fig. 9, shows that kerogen
compositions of the organic-rich shale in the Lucaogou Formation
vary significantly, indicating different origins of the organic matter
or preservation state. The majority of the samples belong to Type II
or Type III kerogen (Fig. 9) (Peters, 1986; Huang et al., 1984).

In the HI vs. TOC plot (Fig. 10), there is a generalized positive
correlation between TOC and HI, therefore indicating that the
organic matter in the shale samples is mainly from algae and
plankton.

In addition, Tmax values of the samples range from 441 �C to
455 �C, implying the thermal evolution of the organic matter is
between the immature and mature stage (Table 2, Fig. 9). This is
also supported by the Ro (vitrinite reflectance, range of 0.53%e
1.31%) in Kou's study (Kou, 2015).



Fig. 5. Vertical variations in TOC, S1, HI and Tmax data for shale within the Lower Permian Lucaogou Formation in the Jimsar Sag of the Junggar Basin. Abbreviations are explained in
Table 2.
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5.2. Origin and production of organic matter

The distribution patterns of n-alkanes provide information
about the origin of organic matter. For example, long chain n-al-
kanes (C22eC35) are mainly derived from higher terrestrial plants
and short chain n-alkanes (C12eC21) are typically derived from
algae and plankton (Eglinton and Hamilton, 1967; Cranwell et al.,
1987; Meyers, 1997). The nC21�/nC22þ ratios of the LCG Formation
are in the range of 0.5e2.0, with most organic matter being short
chain n-alkanes (C12eC21) (Fig. 11 and Appendix Table 3), indicating
that the majority of LCG Formation organic matter was likely to be
derived from an algal or planktonic source. It also suggests that the
algal and planktonic sources of organic matter aremore common in
the Lower LCG Member than in the Middle and Upper LCG
members.

Proportional sterane abundances are very useful indicators for
qualitative shifts in biological sources of organic matter (Seifert and
Moldowan, 1978). As shown in Appendix Table 3 and Fig. 11, the
most abundant steranes of the LCG organic-matter-rich shale
samples are C29 (28%e61%, average 47%), followed by C28 (29%e
57%, average 37%), with minimal C27 steranes (6%e29%, average
16%). Usually, C29 and C27 steranes are mainly derived from
terrigenous higher plants and phytoplankton, respectively, whereas
1332
C28 steranes normally originate from special phytoplankton, such as
diatoms (Hao et al., 2011).

Low intrinsic C27 steranes and high intrinsic C29 steranes of the
LCG organic matter are generally believed to be mainly derived
from higher terrestrial plants rather than the phytoplankton or
aquatic algal-bacterial organisms. However, due to the relatively
high abundance of bituminite and alginite in the samples, coupled
with cyanobacteria being an important source of C29 steranes
(Volkman, 1983; Volkman et al., 1998). It is believed that the cya-
nobacteria is the primary source of the organic matter in the LCG
Formation, with higher terrestrial plants being secondary.

Another observation is the relatively high b-carotane/Cmax

values (up to 2.82 in Appendix Table 3). The b-carotane is associated
primarily with anoxic or highly restricted marine settings, as well
as saline lacustrine environments (Hall and Douglas, 1983). Ding
et al. (2017) and Ding W.J. et al. (2019) indicated that the b-car-
otane content of LCG Formation in the Jimsar Sag is controlled by
the source of organic matter rather than the redox condition, and
that there is a positive correlation between b/Cmax values and C29
steranes proportion of the LCG Formation. Philp et al. (1992) and
Peters et al. (2005) showed that the main biological source of b-
carotane are cyanobacteria. In addition, Philp et al. (1992)
demonstrated that b-carotane content did not show any direct



Fig. 6. Photomicrographs of organic matter in the polished blocks: (a)e(c), bituminite under incident blue light; (d)e(e), alginite under incident blue light; (f)e(g), vitrinite under
incident blue light; (h), inertinite under reflected white light; (i), bitumen in fractures.
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relationship with salinity, redox conditions, or depositional envi-
ronment in the Biyang Basin of China. It is, therefore, concluded
that both b-carotane and C29 steranes were mainly originated from
cyanobacteria and that b-carotane can be used as an indicator of the
source of organic matter.

The above biomarker analysis shows that the organic matter in
the LCG Formation was likely originated from phytoplankton and
aquatic algal-bacterial organisms, especially cyanobacteria. There-
fore, the content of aquatic organisms in the Lower LCG Member is
the highest, followed by the Upper LCG Member, and the lowest in
the Middle LCG Member. This is supported by the relative sterane
content, b-carotane content and C21�/C22þ ratio.

Carbon isotopic composition of lacustrine carbonate sediments
is a key indicator of organic matter productivity of ancient lakes
(Mckenzie, 1982; Sarnthein and Winn, 1990; Isozaki et al., 2007).
The greater the productivity, the more 12C is incorporated into the
biomass. At the same time, carbonates formed in the water, have an
enriched 13C content, thus an increased level of d13C. Therefore,
carbon isotopic composition in carbonates precipitated in situ is a
valid proxy for organic matter productivity in lacustrine sediments
(Oana and Deevey, 1960; Mckenzie, 1982, 1985).

The d13Ccarb value is also widely used in the studies of the global
carbon cycle (Marcel and Vernal, 2007), chemical evolution of
seawater (Kaufman and Knoll, 1995), and even salinity (Fischer and
Wefer, 1999). Because carbon isotopic composition is less affected
by diagenesis (Anderson and Arthur, 1983; Magaritz, 1983; Glumac
and Spivak-Birndorf, 2002), the drastic changes in d13Ccarb over
geological time are attributed to significant changes in organic
1333
matter productivity of water (Hoffman et al., 1998; Hoefs, 2009).
The d13Ccarb value of the samples from the LCG Formation varies
significantly between 2.73‰ and 11.7‰, with an average of 7.8‰
(Wu et al., 2017), corresponding to a strong variation in organic
matter productivity, with the Upper and Lower LCG members
having much higher organic matter productivities than the Middle
LCG Member.

Volcanic ash can fertilize surface water and enhance primary
productivity by releasing mineral ions such as iron in modern lakes
and oceans (Langmann et al., 2010). Duggen et al. (2007) recog-
nized that volcanic ash could stimulate phytoplankton and promote
productivity based on biogeochemical experiments. With the dis-
covery of a large amount of tight oil and shale oil in the Jimsar Sag, a
lot of research has been carried out on reservoir characteristics
(Zhang et al., 2019; Yang et al., 2019; Pan et al., 2020; Lin et al.,
2021), especially microscopic characteristics. It was found that
large amounts of volcanic material were deposited in the LCG
Formation, including volcanic extrusive rock debris, euhedral lath-
shaped and acicular crystal form plagioclase (Zhang et al., 2019),
and tuff rock fragments (Lin et al., 2021). Ankerite and analcime,
which may be related to frequent volcanic activity, were also were
discovered in the LCG Formation (Pan et al., 2020; Zhang et al.,
2019). Evidence from rare earth elements indicate that the forma-
tion of the dolomite had a relationship with the existing volcanic
materials (Yang et al., 2019; Lin et al., 2021). Therefore, the higher
organic matter production of the Upper and Lower members may
be related to the presence of volcanic ash. It was volcanic ash that
promoted the organic matter production of Lower and Upper LCG



Fig. 7. Representative mass chromatograms of TIC, terpane (m/z ¼ 191) and sterane (m/z ¼ 217) series of saturate fractions for different lithology within the Lower Permian
Lucaogou Formation in the Jimsar Sag of the Junggar Basin. Pr ¼ pristine; Ph ¼ phytane; C19T ¼ C19 tricyclic terpane; C21T ¼ C21tricyclic terpane; C23T ¼ C23tricyclic terpane;
C25T ¼ C25tricyclic terpane; Ts ¼ 18a (H)-22, 29, 30- trisnorneohopane; Tm ¼ 17a(H)-22,29,30-trisnorhopane; C30H ¼ C30hopane; Gam. ¼ Gammacerane; C27 ¼ C27sterane 20R;
C28 ¼ C28sterane 20R; C29 ¼ C29sterane 20R.

X.-J. Ding, W.-J. He, H.-L. Liu et al. Petroleum Science 20 (2023) 1327e1346
members and caused strong heterogeneity.
5.3. Depositional environment and the preservation of organic
matter

The preservation of organic matter depends on the depositional
environment, especially the redox conditions (Demaison and
Moore, 1980; He et al., 2022), which can be often characterized
by pristane/phytane (Pr/Ph) ratio. A Pr/Ph ratios of less than 1 in-
dicates a reducing environment (sub-oxic or anoxic), while the
ratios of greater than 1 indicate oxidizing conditions (Didyk et al.,
1978). As illustrated in Fig. 12 and Appendix Table 3, the Pr/Ph ra-
tio in the study area ranges for the Upper, Middle and Lower LCG
members are 1.03e2.1 (average 1.33), 0.94e1.5 (average 1.23), and
0.74e1.45 (average 1.03), respectively, corresponding to a weakly
oxidizing (Middle and Upper LCG members) to weakly reducing
(Lower LCG Member) depositional environments (Fig. 12).
Although there is a positive correlation between Pr/Ph ratio and
thermal maturity (Connan, 1973; Albrecht et al., 1976), our study
demonstrates that Pr/Ph ratio is not controlled by thermal maturity.

The redox conditions of the Lucaogou Formation deduced from
the Pr/Ph ratio are consistent with the results from Pr/nC17 vs. Ph/
1334
nC18 plot (Fig. 13; Peters et al., 1999). The Pr/n-C17 ratio of the
samples varies between 0.14 and 2.25, and the Ph/n-C18 ratio be-
tween 0.09 and 3.08 (Appendix Table 3), withmost of the data from
the Lower LCG Member plotted in the reducing region and most of
the data from the Middle and Upper LCG members plotted in the
weaking oxidizing region in Fig. 13.

In addition to Pr/Ph ratio, the ratio of C3522S/C3422S hopane is
also an effective indicator of redox condition (Peters and
Moldowan, 1991). The Lower LCG Member with the relatively low
Pr/Ph ratios has relatively high C3522S/C3422S ratios, while the
Middle and Upper LCG members with the relatively high Pr/Ph
ratios have relatively low C3522S/C3422S ratios (Table 3, Fig. 13).
Accordingly, it is reasonable to assume that weak reducing condi-
tions prevailed in the bottom water during the deposition of the
Lower LCGMember, and to the contrary, weak oxidizing conditions
were predominant in the bottom water in lakes during the depo-
sition of the Middle and Upper LCG members.

Gammacerane is derived from bacterivorous ciliates which
generally live at the interface of stratified water columns (Damst�e
et al., 1995). Both hypersalinity and temperature gradient could
give rise to stratification (Bohacs et al., 2000), but high abundances
of gammacerane are mostly found in hypersaline environments



Fig. 8. Total organic carbon (TOC) contents versus Rock-Eval S2 peaks (mg hydrocar-
bons [HC]/g rock) for shale samples from the Lucaogou Formation (P2l) of the Jimsar
Sag.

Fig. 9. Plot of Hydrogen Index versus Tmax outlining the kerogen type of the Lucaogou
Formation in the Jimsar Sag of the Junggar Basin.

Fig. 10. Plot of Hydrogen Index versus TOC, showing the positive correlation between
hydrogen index and TOC of the Lucaogou Formation in the Jimsar Sag of the Junggar
Basin.
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(Summons et al., 2008). The gammacerane index (gammacerane/
C30hopane) of the LCG Formation samples ranges from 0.05 to 0.27,
which probably indicates a fresh to brackishwater environment and
unstable water column stratification (Table 3 and Fig. 12). The
extended tricyclic terpane ratio [ETR¼ (C28 þ C29)/(C28 þ C29 þ Ts)]
1335
also is an effective indicator of the salinity during or immediately
after the deposition of source sediments in the Junggar Basin (Hao
et al., 2009). The ETR of the source rock samples is between 0.22
and 0.83 (Table 3), and its vertical distribution follows a similar
trend as the gammacerane index (Fig. 12). Salinity of the LCG For-
mation is small, e.g., from the bottom to the top of LCG Formation,
salinity first decreases slightly and then increases.

The redox condition of the depositional environment is one of
the main factors controlling the preservation of organic matter.
Organic-rich deposits are thought to be associated primarily with
anoxic settings (Demaison and Moore, 1980; Hedges and Keil,
1995). Manganese reduction, nitrate reduction, iron reduction,
bacterial sulfate reduction and methane fermentation all cause
degradation of organic matter and affect organic matter preserva-
tion (Fike et al., 2006; Roberts, 2015). Among them, bacterial sulfate
reduction (BSR), in a reducing deposition environment, has much
stronger oxidation capacity than other oxidizers, such as oxygen,
nitrate, and metallic oxide (Reeburgh, 1980). In a coastal sea-bed,
BSR can degrade more than half of the organic matter (Jørgensen,
1982). On the other hand, in a freshwater lake, BSR has a less ef-
fect on organic matter due to low sulfate concentration. However,
in salt lakes with high sulfate concentrations, e.g., from the influx of
volcanic ash or thermal fluid (Davison, 1988), organic matter
abundance of sediments is usually low because of BSR effect (Kelts,
1988).

One of themain products of BSR is framboidal pyrite (Berner and
Raiswell, 1983; Berner, 1984; Raiswell and Berner, 1985). Most py-
rite in the LCG organic-matter-rich sediments has a framboidal
shape (Fig. 4), with pyrite content ranging from 0.4% to 11.0%
(Appendix Table 1; Fig. 12). Based on the pyrite content, the BSR
effect of organic matter in the Lower LCG Member is high, in the
Upper LCG and Middle members is low. Furthermore, Xie et al.
(2015) found suspected sulfate reducing bacteria in the LCG For-
mation of the Jimsar Sag. It is indicated that there was a certain
content of sulfate in the LCG deposition and bacteria sulfate
reduction occurred.

In order to define the degree of BSR, Lallier-Verg�es et al. (1993a,
1993b) defined the sulfate reduction index (SRI). SRI could be
calculated from the following equation:



Fig. 11. Composite organic geochemistry profile showing changes in major biomarker parameters and stable carbon isotopes of carbonate, reflecting organic matter input of LCG
sediments. Abbreviations for biomarker parameters are explained in Table 3. The stable carbon isotope of carbonate data is from Wu et al. (2017),.
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SRI ¼ (TOC þ TS / 1.33) /TOC ¼ 1 þ 0.75 � TS / TOC

TS represents total sulfur of organic matter. The SRI reflects the
degree of the BSR, and the higher BSR degree, the higher SRI value.
For instance, Liu et al. (2021) and Li et al. (2021) have used SRI to
analyze the role of BSR played in organic matter preservation. Ac-
cording to SRI of LCG (Fig. 12), the degree of BSR in the Lower LCG
Member is high, and in the Upper and Middle LCGmember are low,
which is consistent with the pyrite content.

5.4. Factors controlling accumulation of organic matter

Organic matter accumulation is a very complex process
controlled predominantly by production and preservation of
organic matter (Pedersen and Calvert, 1990; Arthur and Dean,1998;
Katz, 2005). Other controlling factors include climate, water
chemistry, weather and tectonic setting.

5.4.1. The lower LCG member
The Lower LCG Member is dominated by dolomite, tuffaceous

dolomite and mudstone. In the Lower LCG Member, both TOC
content (0.34%e11.63%) and HI (45e680 mg/gTOC) show very
strong heterogeneity and similar vertical distribution (Fig. 14).
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Phytoplankton and aquatic algal-bacterial organisms, especially
cyanobacteria, were the main source of the organic matter in the
Lower LCG Member, which can be inferred from high proportion of
C29 steranes (29%) and relatively high content of b-carotane. The Pr/
Ph ratio has a range of 0.74e1.45 and a mean value of 1.03, repre-
senting a relatively weak reducing depositional environment. So it
could be asserted that organic matter degradation by oxygen was
limited. The extent of BSR is strong, which is suggested by the high
content of framboidal pyrite and SRI value (Fig. 12).

As supported by the negative correlation between TOC and
pyrite content (Fig. 14), BSR is the main factor controlling the
degradation and accumulation of organic matter. Where the core
samples have a relatively higher TOC content, the pyrite content is
usually lower, as in sections “B”, “D” and “F”. While, sections “A”,
“C”, and “E” have relatively low TOC content with relatively high
pyrite. In addition, production and preservation of organic matter
also influence organic matter accumulation. For example, the
above-mentioned section “B” and “D” have relatively higher TOC
content and b-carotane than section “F” (Fig. 14).

The accumulation of organic matter is controlled by the source,
production, and preservation of organic matter. For the Lower LCG
Member, the preservation of organic matter is the main controlling
factor for the accumulation of organic matter, which, in turn, is



Fig. 12. Composite organic geochemistry profile showing changes in major biomarker parameters and pyrite content of LCG sediments, reflecting depositional conditions and
organic matter preservation. Abbreviations for biomarker parameters are explained in Table 3.

Fig. 13. Relationship between Ph/nC18 and Pr/nC17 ratio values for the shale within the
Lower Permian Lucaogou Formation in the Jimsar Sag of the Junggar Basin (modified
after Peters et al., 1999).
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determined by the degree of BSR.
5.4.2. Middle LCG formation
Compared to the Lower LCGMember, theMiddle LCGMember is

dominated by carbonate rocks with little influx of volcanic ash
(Fig. 15). The TOC content and HI are 0.78%e6.23% and 73e750 mg/
g TOC, with mean values of 3.65% and 319 mg/g TOC, respectively.
The Pr/Ph ratio shows that its redox condition is weak reducing to
1337
weak oxidizing in section “G” and weak oxidizing in section “H”.
Because of a lack of volcanic ash and low sulfate concentration
during deposition, there was almost no organic matter degradation
by BSR, which is consistent with the very low pyrite content and
low SRI value (Fig. 12). In other words, the organic matter preser-
vation in the Middle LCG Member is mainly controlled by redox
condition other than BSR.

Both the TOC and C27 steranes tend to increase in section “G”
and then decrease in section “H”, while C29 steranes (29%) and b-
carotane decrease from the bottom to the top in the Middle LCG
Member (Fig. 15). Therefore, the organic matter accumulation is
mainly controlled by the productivity represented by the propor-
tion of C27 steranes, not C29 steranes (29%) and b-carotane. It is
noteworthy that the samples of the upper part of section “G” have
much higher C27 steranes but not much higher TOC content
compared to the lower part. This is likely to have been a result of
oxidizing depositional environment where partial degradation of
organic matter took place.

The accumulation of organic matter in the Middle LCG Member
is mainly controlled by productivity, which is represented by the
proportion of C27 steranes. The preservation of organic matter,
determined by redox condition, also played a role on the accumu-
lation of the organic matter. Due to a generally oxidizing redox
condition and low sulfate concentration, BSR has a weak effect on
the preservation and accumulation of organic matter.
5.4.3. The upper LCG member
In the Upper LCG Member, both TOC content and HI show sig-

nificant variations, with a range of 0.55%e10.58% and 56e798mg/g
TOC, respectively (Fig. 16). The Pr/Ph ratio ranges from 1.07 to 2.1,



Fig. 14. Composite organic geochemistry profile showing changes in TOC, HI, pyrite content and major biomarker parameters reflecting organic matter abundance, type, depo-
sitional conditions and organic matter input of the Lower LCG shale. Abbreviations for biomarker parameters are explained in Tables 2 and 3.
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with average of 1.33, indicating a relatively weak oxidizing depo-
sitional environment and degradation of organic matter mainly by
oxygen. The low pyrite content and low SRI value indicate that
degradation by BSR is rare.

The TOC content and C27 steranes (27%) have a similar variation
trend (Fig. 16). For example, core samples with high TOC also have
high proportion of C27 steranes. Thus, the accumulation of organic
matter is mainly controlled by productivity. The proportion of C27
steranes in section “I” is as high as that in section “J”, but the TOC
content in section “I” is much lower than that in “J”. This is because
in section “I”, partial organic matter was degraded in an oxidizing
depositional environment. In section “K”, the proportion of C27
steranes is also as high as section “J”, but the TOC content is lower
than section “J”. In a reducing depositional environment, degra-
dation of organic matter by oxygen is limited in section “K”.

Therefore, in the Upper LCG Member, the accumulation organic
matter is mainly controlled by productivity of organic matter,
especially the high concentrations of C27 steranes. The organic
1338
matter wasmainly degraded by oxygen in an oxidizing depositional
setting. The preservation of organic matter also played a minor role
on the accumulation of organic matter.

5.5. Model of organic matter accumulation

During the deposition of LCG, the Jimsar Sag was characterized
by a period of relative stability. The accumulation of organic matter
of LCG organic-matter-rich shale was mainly controlled by pro-
ductivity or preservation of organic matter, which can be partly
attributed to input of volcanic ash. In order to fully demonstrate the
organic matter accumulation process, two models for the accu-
mulation of organic matter were proposed for the LCG Formation
based on the comprehensive analysis of organic matter origin,
production, depositional environment, and preservation of organic
matter.

In model A (Fig. 17), the high influx of volcanic ash released
nutrients, such as nitrate and iron, causing cyanobacteria to bloom



Fig. 15. Composite organic geochemistry profile showing changes in TOC, HI, pyrite content and major biomarker parameters reflecting organic matter abundance, type, depo-
sitional conditions and organic matter input of the Middle LCG shale. Abbreviations for biomarker parameters are explained in Tables 2 and 3.

Fig. 16. Composite organic geochemistry profile showing changes in TOC, HI, pyrite content and major biomarker parameters reflecting organic matter abundance, type, depo-
sitional conditions and organic matter input of the Upper LCG shale. Abbreviations for biomarker parameters are explained in Tables 2 and 3.
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and high productivity. This is suggested by the high content of C29
steranes and b-carotane. The volcanic ash also brought abundant
sulfate into the water, leading to bacterial sulfate reduction (BSR)
and framboidal pyrite formation. In this model, the accumulation of
organic matter is mainly controlled by the preservation of organic
matter, which is mainly controlled by BSR not oxygen content due
to the reducing depositional environment. Model A is used to
1339
explain the accumulation of organic matter in the Lower LCG
Member, such as the Section “B”, “D”, and “F” (Fig. 14). Elevated
production of organic matter played a minor role on the accumu-
lation of organic matter in this model.

In the model B, the influx of volcanic ash was small and did not
induce a cyanobacteria bloom. The production of organic matter
was mainly phytoplankton (Fig. 17). Due to the low sulfate and the



Fig. 17. Organic matter accumulation model of the LCG organic-matter-rich shale in the Jimsar Sag, Junggar Basin. OM, organic matter; VA, volcanic ash; SRB, sulfate reducing
bacteria.
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weak BSR, organic matter was mainly degraded by oxygen and
controlled by the redox condition of depositional environment. In
model “B”, the accumulation of organic matter is mainly deter-
mined by the production of organic matter while the preservation
of organic matter has a minor effect. Model B is used to explain the
accumulation process of organic matter in the Middle and Upper
LCG members. In an oxidizing depositional environment, such as in
the upper part of section “G” of the Middle LCG Member, part of
organic matter was mainly degraded by oxygen (Fig. 15). In a
reducing depositional environment, such as in the Section K of the
Upper LCG Member, part of organic matter was degraded by BSR
(Fig. 16).

In summary, volcanic ash input and depositional environment
led to the variance in the origin, production and preservation of
organic matter in the LCG organic-rich shale in the Jimsar Sag. The
accumulation of organic matter in the organic-rich shale can be
explained by synergetic evolution of environments, organisms, and
geological events in the lake systems through two different models.
6. Conclusions

Based on the mineralogy and microscopic study of organic
matter, as well as bulk and molecular geochemical measurements
of more than 200 core samples, the origin, production, depositional
environment, preservation and accumulation of organic matter in
the LCG Formation in the Jimsar Sag of the Junggar Basin was
deduced. The following conclusions could be drawn.

The Lucaogou Formation in the Jimsar Sag contains carbonate,
siliclastic and volcaniclastic material with a wide range of total
organic carbon contents and hydrogen indices, indicating that they
are good to excellent source rocks with high hydrocarbon
1340
generation potential. According to the comprehensive analysis of
various biomarkers, the organic matter in the Lucaogou Formation
mainly originated from phytoplankton and aquatic algal-bacterial
organisms (cyanobacteria in particular). It appears that the volca-
nic ash promoted the cyanobacteria blooming and caused strong
productivity.

Reducing conditions prevailed in the bottom water during the
deposition of the Lower Lucaogou Member. The organic matter was
mainly degraded by bacterial sulfate reduction. To the contrary,
oxidizing conditions dominated in the bottomwater in lakes during
the deposition of Middle and Upper LCG members, and the organic
matter was in general degraded by oxygen.

Volcanic ash played an essential role in promoting and sup-
pressing organic matter accumulation of LCG shale through causing
cyanobacteria blooming and bacterial sulfate reduction respec-
tively. The synergetic evolution of environments, organisms, and
geological events in the lake systems accounted for two different
organic matter accumulation models in organic-matter-rich shale:
“bacterial sulfate reduction controlling model” and “productivity
model”.
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Appendix. Table

Appendix Table 1
X-ray Diffraction data of shale within the Permian Lucaogou Formation in the Jimsar Sag, Junggar Basin

Depth, m Quartz, % Plagioclase, % K-feldspar, % Clay, % Dolomite, % Ankerite, % Calcite, % Pyrite, % Hematite, % Siderite, % Zeolite, % Laumontite, %

3112.09 39.30 20.60 6.00 11.60 18.40 0.00 0.00 4.10 0.00 0.00 0.00 0.00
3114.86 18.40 26.90 3.20 2.40 49.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3116.94 29.20 45.90 5.90 2.20 15.30 0.00 0.00 1.50 0.00 0.00 0.00 0.00
3121.38 8.20 11.10 0.60 0.00 80.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3124.97 21.10 22.40 5.80 10.60 24.00 0.00 16.10 0.00 0.00 0.00 0.00 0.00
3127.53 27.90 45.30 13.10 8.80 0.00 0.00 2.70 0.00 0.00 2.20 0.00 0.00
3138.76 11.60 10.60 0.70 0.90 76.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3142.13 14.00 49.80 2.00 3.10 0.00 14.30 16.30 0.50 0.00 0.00 0.00 0.00
3142.77 12.80 14.90 1.60 2.40 67.50 0.00 0.80 0.00 0.00 0.00 0.00 0.00
3143.64 16.10 47.20 2.70 2.30 0.00 29.50 2.20 0.00 0.00 0.00 0.00 0.00
3144.84 25.50 43.90 4.50 5.60 20.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3146.54 14.60 15.10 3.80 9.80 53.70 0.00 1.80 1.20 0.00 0.00 0.00 0.00
3149.6 33.00 22.80 7.90 13.20 0.00 9.70 10.70 2.70 0.00 0.00 0.00 0.00
3152.82 15.70 10.60 1.80 1.80 70.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3158.68 27.30 44.70 4.70 14.70 0.00 5.30 3.30 0.00 0.00 0.00 0.00 0.00
3160.99 16.80 18.00 1.80 11.70 51.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3167.94 28.70 27.00 4.70 14.10 0.00 25.50 0.00 0.00 0.00 0.00 0.00 0.00
3172.58 20.10 4.10 0.50 1.70 48.20 0.00 25.40 0.00 0.00 0.00 0.00 0.00
3177.34 22.60 42.40 4.40 8.80 16.70 0.00 4.20 0.90 0.00 0.00 0.00 0.00
3183.36 20.30 7.00 0.00 0.00 71.40 0.00 1.30 0.00 0.00 0.00 0.00 0.00
3190.64 23.10 15.40 2.70 11.70 47.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3197.79 9.00 4.30 0.00 6.80 60.10 0.00 19.80 0.00 0.00 0.00 0.00 0.00
3199.99 22.50 46.60 3.90 5.90 0.00 7.70 13.40 0.00 0.00 0.00 0.00 0.00
3203.85 29.90 15.60 2.40 24.00 1.90 0.00 5.00 0.70 0.00 0.00 20.50 0.00
3209.61 21.00 29.20 3.70 17.50 28.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3212.43 22.20 21.30 7.00 35.90 0.00 4.90 8.70 0.00 0.00 0.00 0.00 0.00
3221.79 22.20 25.80 4.50 13.00 20.10 0.00 14.40 0.00 0.00 0.00 0.00 0.00
3227.98 31.60 28.10 6.70 11.50 22.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3235.05 18.50 28.60 7.00 23.20 0.00 3.50 18.40 0.00 0.80 0.00 0.00 0.00
3240.22 16.40 17.10 2.30 12.30 43.10 0.00 8.80 0.00 0.00 0.00 0.00 0.00
3243.23 23.30 33.40 3.20 11.20 0.00 21.10 7.80 0.00 0.00 0.00 0.00 0.00
3253.56 15.90 23.50 5.30 14.50 18.50 0.00 19.50 2.80 0.00 0.00 0.00 0.00
3261.23 11.20 27.70 2.00 5.80 45.50 0.00 1.50 6.30 0.00 0.00 0.00 0.00
3263.36 24.60 32.00 5.80 8.10 28.80 0.00 0.70 0.00 0.00 0.00 0.00 0.00
3265.56 18.80 8.90 1.20 2.90 61.00 0.00 0.10 7.10 0.00 0.00 0.00 0.00
3268.48 26.30 34.00 3.80 9.40 26.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3269.07 16.80 24.10 2.70 7.20 48.50 0.00 0.00 0.70 0.00 0.00 0.00 0.00
3272.6 29.50 9.00 12.20 14.10 0.00 3.30 23.00 8.90 0.00 0.00 0.00 0.00
3273.95 14.50 23.70 4.90 2.10 54.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3275.43 15.80 32.50 4.90 5.90 40.10 0.00 0.50 0.30 0.00 0.00 0.00 0.00
3277.5 15.60 25.40 4.40 6.00 48.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3280.74 21.40 36.30 5.50 7.30 11.70 0.00 16.90 0.90 0.00 0.00 0.00 0.00
3282.63 24.80 26.50 10.40 14.80 23.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3283.38 17.50 40.10 4.90 12.40 17.70 0.00 7.40 0.00 0.00 0.00 0.00 0.00
3283.74 20.30 45.20 3.90 6.10 23.50 0.00 1.00 0.00 0.00 0.00 0.00 0.00
3285.81 21.60 42.20 5.20 5.80 23.80 0.00 0.00 1.40 0.00 0.00 0.00 0.00
3288.27 14.30 12.90 1.20 7.60 25.50 0.00 36.60 1.90 0.00 0.00 0.00 0.00
3291.24 20.10 25.30 3.80 11.40 38.60 0.00 0.00 0.80 0.00 0.00 0.00 0.00
3292.49 22.20 19.90 2.20 10.50 45.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3295.24 19.50 17.20 4.40 12.50 37.30 0.00 8.70 0.40 0.00 0.00 0.00 0.00
3296.61 20.70 19.90 4.20 8.40 45.60 0.00 0.20 1.00 0.00 0.00 0.00 0.00
3299.1 12.80 17.70 1.20 10.30 0.00 14.40 42.10 1.50 0.00 0.00 0.00 0.00
3301.42 16.90 17.10 4.30 12.70 46.10 0.00 1.70 1.20 0.00 0.00 0.00 0.00
3302.68 17.10 29.10 5.20 15.40 17.00 0.00 14.80 1.40 0.00 0.00 0.00 0.00
3305.33 21.00 18.20 1.80 6.60 41.20 0.00 5.80 5.40 0.00 0.00 0.00 0.00
3307.28 24.80 18.30 7.20 24.20 0.00 21.00 2.90 1.60 0.00 0.00 0.00 0.00
3309.4 24.20 21.60 6.20 19.00 27.30 0.00 1.10 0.60 0.00 0.00 0.00 0.00
3312.59 18.00 31.20 6.50 19.30 7.50 0.00 15.20 2.30 0.00 0.00 0.00 0.00
3316.35 20.90 15.50 3.10 20.90 38.90 0.00 0.30 0.40 0.00 0.00 0.00 0.00
3318.01 26.60 17.40 5.00 20.50 13.40 0.00 16.60 0.50 0.00 0.00 0.00 0.00
3319.56 35.10 20.90 2.70 10.30 28.60 0.00 2.40 0.00 0.00 0.00 0.00 0.00
3320.91 29.30 18.70 2.30 15.10 33.20 0.00 0.80 0.60 0.00 0.00 0.00 0.00
3323.38 9.00 3.00 0.00 3.60 0.00 0.00 84.40 0.00 0.00 0.00 0.00 0.00
3326.83 31.90 26.80 6.40 15.00 19.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3327.94 16.70 6.70 1.10 12.50 44.10 0.00 18.90 0.00 0.00 0.00 0.00 0.00
3329.68 13.10 5.00 0.70 7.50 13.50 0.00 60.20 0.00 0.00 0.00 0.00 0.00
3332.81 30.70 11.10 4.40 24.50 23.60 0.00 5.70 0.00 0.00 0.00 0.00 0.00
3335.41 10.10 9.80 1.30 10.80 8.00 0.00 41.10 11.00 0.00 0.00 7.90 0.00
3337.43 16.30 9.80 2.10 11.70 24.70 0.00 35.00 0.40 0.00 0.00 0.00 0.00
3344.75 25.90 11.60 2.20 27.70 0.00 0.00 25.90 0.60 0.00 0.00 6.10 0.00
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Appendix Table 2
Total organic carbon and Rock-Eval pyrolysis data for shale within the Permian Lucaogou Formation in the Jimsar Sag, Junggar Basin.

Depth, m TOC, % S1, mg/g S2, mg/g Tmax, �C S1þS2, mg/g HI, mg/g Remark

3110.88 3.55 0.66 8.35 448 9.01 235.21 ※
3113.3 2.89 1.96 10.11 441 12.07 349.83 ※
3115.87 4.66 0.49 19.00 449 19.49 407.73
3118.33 5.32 0.29 19.55 452 19.84 367.48
3121.68 0.64 0.05 0.98 445 1.03 153.13
3122.87 2.96 0.54 6.81 448 7.35 230.07
3126.61 2.89 1.00 2.06 444 3.06 71.28
3130.76 3.03 0.40 4.16 445 4.56 137.29
3131.65 10.58 0.73 40.86 446 41.59 386.20
3133.64 7.58 0.54 36.06 451 36.6 475.73
3135.11 10.12 0.93 52.68 452 53.61 520.55
3137.01 6.25 0.36 32.9 452 33.26 526.40
3139.70 0.72 0.03 2.12 444 2.15 294.44
3144.66 0.55 0.06 0.99 442 1.05 180.00 ※
3146.16 2.72 0.79 6.98 441 7.77 256.62 ※
3147.68 1.07 0.12 1.84 452 1.96 171.96
3150.20 2.48 0.64 3.20 448 3.84 129.03
3153.65 2.14 0.12 1.20 453 1.32 56.07
3156.94 2.32 0.15 4.32 453 4.47 186.21
3158.88 2.54 0.24 12.95 444 13.19 509.84
3161.75 1.85 0.02 10.85 448 10.87 586.49 ※
3162.62 1.08 0.15 0.81 448 0.96 75.00 ※
3164.06 3.53 0.32 10.99 448 11.31 311.33
3165.32 0.67 0.05 5.35 447 5.4 798.51
3166.74 0.77 0.54 1.98 448 2.52 257.14
3168.69 4.02 0.4 26.44 449 26.84 657.71
3171.29 3.65 0.3 27.38 446 27.68 750.14
3174.40 5.28 0.75 26.76 453 27.51 506.82
3177.55 3.90 0.26 21.37 448 21.63 547.95 ※
3179.37 3.69 0.32 10.86 452 11.18 294.31
3183.80 3.85 0.22 7.85 452 8.07 203.90 ※
3186.56 5.60 1.18 20.14 451 21.32 359.64
3188.62 2.92 0.36 7.18 449 7.54 245.89
3190.88 6.09 0.47 26.07 455 26.54 428.08
3195.18 2.22 1.17 4.79 449 5.96 215.77
3197.57 4.35 0.29 10.06 448 10.35 231.26
3200.90 3.77 0.33 11.18 448 11.51 296.55
3203.56 6.23 1.51 20.36 447 21.87 326.81
3205.67 3.31 0.42 15.67 452 16.09 473.41
3208.16 2.47 0.45 7.37 449 7.82 298.38
3209.61 3.65 0.27 10.72 449 10.99 293.70
3212.87 1.40 0.11 1.53 444 1.64 109.29
3215.32 5.61 1.02 17.64 445 18.66 314.44
3217.98 2.05 0.36 4.60 447 4.96 224.39
3220.85 2.99 3.01 7.41 446 10.42 247.83
3223.23 1.88 1.31 2.53 441 3.84 134.57
3227.14 3.23 1.09 6.98 447 8.07 216.10 ※
3229.18 4.54 1.41 8.87 444 10.28 195.37
3234.19 0.78 0.28 0.57 447 0.85 73.08
3237.77 6.44 0.61 28.16 448 28.77 437.27
3243.6 3.51 3.79 9.68 446 13.47 275.78
3249.31 1.86 0.73 3.86 446 4.59 207.53
3254.94 1.85 2.07 3.00 442 5.07 162.16
3260.25 2.3 2.14 2.56 444 4.7 111.30
3263.19 1.21 0.04 1.79 444 1.83 147.93 ※
3266.32 1.97 3.00 5.17 437 8.17 262.44
3268.81 0.69 0.01 0.31 446 0.32 44.93
3273.95 0.35 0.01 0.64 444 0.65 182.86
3276.99 0.82 0.01 1.81 443 1.82 220.73 ※
3279.57 1.27 0.02 2.75 448 2.77 216.54
3282.14 3.91 6.04 11.19 450 17.23 286.19
3283.74 0.61 0.02 1.02 442 1.04 167.21 ※
3286.70 8.16 1.16 39.94 446 41.1 489.46 ※
3290.10 5.88 1.15 33.63 444 34.78 571.94
3292.49 2.79 2.40 6.42 441 8.82 230.11
3294.48 2.01 0.75 3.65 446 4.4 181.59
3295.85 0.83 0.04 0.90 441 0.94 108.43
3298.64 3.97 1.93 12.05 447 13.98 303.53
3301.19 1.10 0.43 2.48 442 2.91 225.45
3302.68 0.97 0.34 0.94 445 1.28 96.91
3305.33 0.65 0.03 1.42 449 1.45 218.46 ※
3306.97 0.65 0.09 0.87 441 0.96 133.85 ※
3309.40 3.76 0.39 16.24 453 16.63 431.91 ※
3312.59 0.76 0.50 0.36 441 0.86 47.37 ※
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Appendix Table 2 (continued )

Depth, m TOC, % S1, mg/g S2, mg/g Tmax, �C S1þS2, mg/g HI, mg/g Remark

3316.35 0.60 0.41 0.60 449 1.01 100.00
3319.35 11.63 2.34 64.20 451 66.54 552.02
3320.91 3.31 4.39 11.45 441 15.84 345.92
3323.82 6.21 1.47 31.76 452 33.23 511.43
3326.83 3.23 6.02 11.21 450 17.23 347.06
3328.48 7.21 0.96 49.03 458 49.99 680.03
3330.38 0.34 0.14 0.60 449 0.74 176.47
3333.76 1.04 2.71 1.36 440 4.07 130.77
3335.41 5.30 0.22 29.3 453 29.52 552.83
3338.10 2.93 0.55 10.95 456 11.50 373.72
3347.14 1.86 0.81 5.46 453 6.27 293.55
3355.65 2.47 0.54 6.32 455 6.86 255.87

Note: TOC¼ Total organic carbon (wt%); S1 (mg/g), the amount of hydrocarbon of free; S2 (mg/g), the amount of hydrocarbon produced by the cracking of organic matter; Tmax

(�C), the temperature which corresponds to the maximum generation rate from kerogen cracking; HI (hydrogen indices) ¼ S2/TOC, mg/g. The datas remarked with ※ is from
Ding X.J. et al. (2019).

Appendix Table 3
Biomarker parameters for shale within the Permian Lucaogou Formation in the Jimsar Sag, Junggar Basin.

Depth, m Pr/Ph Pr/nC17 Ph/nC18 21�/22þ b/Cmax 27% 28% 29% 20S, % bb, % G/H Ts/Tm ETR C35/C34 Remark

3112.09 1.17 1.17 1.11 0.85 1.00 20.53 31.45 48.02 0.39 0.26 0.22 0.11 0.67 0.45 ※
3113.34 1.12 0.94 0.85 0.69 0.35 15.67 34.89 49.44 0.46 0.36 0.16 0.11 0.69 0.48 ※
3114.73 1.21 1.21 1.18 0.57 0.16 31.83 28.72 39.45 0.36 0.21 0.17 0.16 0.57 0.36 ※
3117.10 1.20 1.23 1.24 1.07 0.41 14.76 34.14 51.09 0.44 0.31 0.17 0.08 0.72 0.47
3118.78 1.51 0.63 0.58 2.02 0.10 17.65 34.22 48.13 0.41 0.26 0.22 0.10 0.53 0.40 ※
3119.23 1.18 0.90 1.80 0.87 0.35 14.93 34.28 50.78 0.45 0.35 0.16 0.11 0.68 0.39 ※
3121.40 1.16 1.26 1.36 0.96 0.87 12.63 34.68 52.69 0.41 0.29 0.19 0.07 0.74 0.36
3122.58 1.69 1.50 1.04 1.01 0.22 12.37 39.60 48.03 0.34 0.20 0.16 0.17 0.39 0.37
3127.53 1.12 1.37 1.44 0.88 0.78 13.50 33.86 52.63 0.43 0.30 0.18 0.08 0.71 0.43
3134.05 1.42 1.89 1.73 0.59 0.67 22.94 31.56 45.50 0.32 0.19 0.18 0.11 0.62 0.38 ※
3135.31 1.35 1.59 1.33 0.72 0.56 20.25 34.09 45.66 0.38 0.26 0.19 0.07 0.75 0.37
3138.76 1.15 1.18 1.23 0.72 0.87 12.53 35.28 52.19 0.42 0.29 0.19 0.07 0.75 0.36
3140.71 1.22 1.36 1.36 0.83 0.87 14.44 35.04 50.52 0.38 0.26 0.21 0.06 0.78 0.37
3142.65 1.07 1.19 1.15 0.78 0.49 13.76 35.09 51.15 0.43 0.28 0.17 0.08 0.69 0.41
3143.30 1.13 1.30 1.32 0.82 0.69 13.43 35.24 51.33 0.44 0.28 0.18 0.07 0.73 0.49
3145.44 1.16 0.87 0.86 1.03 0.10 16.41 36.67 46.92 0.40 0.26 0.18 0.09 0.56 0.40
3146.19 1.03 0.50 0.45 0.93 0.03 19.22 44.60 36.19 0.32 0.17 0.09 0.13 0.74 0.53 ※
3150.20 1.93 0.34 0.14 0.63 0.00 24.62 38.40 36.98 0.32 0.17 0.05 0.31 0.35 0.34
3152.82 1.26 0.88 0.71 0.58 0.10 14.74 54.24 31.02 0.41 0.26 0.13 0.17 0.49 0.40 ※
3155.32 2.10 0.20 0.09 1.88 0.00 14.69 57.26 28.05 0.31 0.19 0.15 0.18 0.32 0.32
3158.88 1.21 0.14 0.09 0.92 0.00 19.84 39.07 41.10 0.33 0.19 0.14 0.29 0.22 0.38
3161.75 1.49 0.17 0.08 0.91 0.00 20.47 41.89 37.65 0.32 0.20 0.14 0.28 0.44 ※
3162.62 1.50 0.15 0.09 0.64 0.03 22.21 26.87 50.92 0.35 0.19 0.07 0.29 0.38 ※
3165.87 1.47 0.23 0.13 0.97 0.00 21.55 45.18 33.27 0.33 0.17 0.12 0.16 0.50 0.35
3169.19 1.17 0.48 0.36 0.58 0.00 17.11 40.80 42.09 0.36 0.19 0.21 0.13 0.49 0.38
3171.29 1.06 0.26 0.17 0.71 0.03 19.26 39.09 41.65 0.32 0.17 0.16 0.28 0.40 0.40
3174.75 1.26 0.36 0.23 0.68 0.00 14.21 45.06 40.73 0.36 0.19 0.16 0.15 0.54 0.41
3177.20 1.28 0.44 0.32 0.56 0.06 22.34 33.62 44.04 0.37 0.23 0.21 0.12 0.44 0.30
3177.55 1.07 0.25 0.22 0.49 0.00 22.08 37.87 40.05 0.37 0.21 0.09 0.33 0.34 0.38 ※
3183.36 1.40 0.30 0.17 0.65 0.00 19.00 37.49 43.51 0.31 0.18 0.15 0.24 0.52 0.41 ※
3186.56 1.32 1.01 0.71 0.72 0.18 28.54 30.06 41.40 0.34 0.21 0.20 0.20 0.51 0.40
3190.57 1.13 1.34 1.42 0.88 0.87 12.54 34.55 52.91 0.45 0.32 0.18 0.07 0.76 0.41 ※
3196.30 1.50 0.95 0.59 1.64 0.18 20.70 37.28 42.02 0.32 0.19 0.15 0.22 0.46 0.42
3200.73 1.42 1.58 1.26 0.86 0.66 17.88 34.41 47.72 0.40 0.24 0.19 0.11 0.67 0.48 ※
3203.21 1.51 1.26 0.99 0.98 0.23 22.09 36.58 41.33 0.35 0.20 0.27 0.13 0.52 0.37
3208.33 1.42 1.63 1.27 0.66 0.39 18.48 35.83 45.69 0.35 0.19 0.25 0.10 0.52 0.29
3212.16 0.94 0.92 1.18 0.39 0.00 16.97 36.91 46.12 0.42 0.26 0.13 0.15 0.45 ※
3217.51 1.07 1.73 2.32 1.00 0.99 13.10 35.79 51.11 0.42 0.25 0.19 0.06 0.74 0.45
3217.98 1.02 1.35 1.85 0.82 1.55 12.52 38.23 49.26 0.40 0.23 0.22 0.06 0.67 0.47
3223.23 1.16 1.64 1.91 0.84 1.00 14.28 35.65 50.07 0.39 0.22 0.20 0.05 0.79 0.42
3227.14 1.13 1.55 1.86 0.83 0.94 14.81 37.11 48.09 0.38 0.21 0.19 0.04 0.74 0.48 ※
3237.77 1.16 1.32 1.67 1.79 0.00 14.35 36.35 49.30 0.40 0.21 0.20 0.05 0.61 0.44
3249.31 0.74 1.99 3.37 0.88 0.50 17.54 34.22 48.24 0.37 0.21 0.24 0.05 0.74 0.42
3263.19 1.06 1.75 2.40 1.08 1.12 12.01 34.64 53.35 0.43 0.27 0.19 0.05 0.78 0.44 ※
3267.19 1.15 1.75 2.12 1.15 1.01 11.65 34.13 54.22 0.44 0.28 0.21 0.04 0.80 0.45
3274.00 1.05 1.77 2.35 0.95 1.36 11.84 33.47 54.69 0.44 0.28 0.19 0.05 0.80 0.48 ※
3276.99 1.10 1.75 2.26 1.07 1.27 11.48 33.95 54.57 0.44 0.29 0.20 0.05 0.81 0.45 ※

(continued on next page)

X.-J. Ding, W.-J. He, H.-L. Liu et al. Petroleum Science 20 (2023) 1327e1346

1343



Appendix Table 3 (continued )

Depth, m Pr/Ph Pr/nC17 Ph/nC18 21�/22þ b/Cmax 27% 28% 29% 20S, % bb, % G/H Ts/Tm ETR C35/C34 Remark

3279.11 0.99 1.78 2.55 0.93 2.00 11.35 33.60 55.04 0.41 0.24 0.19 0.04 0.83 0.48 ※
3284.63 1.02 1.74 2.53 1.09 1.92 11.41 32.34 56.26 0.38 0.22 0.24 0.04 0.83 0.44
3286.70 1.01 1.49 2.17 1.44 1.09 14.47 31.90 53.63 0.43 0.25 0.20 0.05 ※
3294.48 1.00 2.25 3.05 0.68 0.21 6.32 32.54 61.15 0.38 0.31 0.17 0.58 0.28
3296.61 1.04 1.96 3.08 1.26 2.82 11.80 34.78 53.43 0.40 0.23 0.13 0.12 0.64 0.43
3301.19 0.98 1.59 2.58 1.26 1.24 12.99 36.04 50.97 0.41 0.23 0.11 0.13 0.71 0.46
3302.68 0.94 0.92 1.00 0.39 0.11 10.66 51.99 37.35 0.43 0.25 0.13 0.15 0.45 0.47
3306.47 0.85 1.51 2.62 1.14 1.67 14.74 33.93 51.33 0.40 0.23 0.15 0.12 0.70 0.41 ※
3308.42 0.88 1.48 2.22 0.56 1.00 12.70 40.58 46.72 0.41 0.24 0.14 0.12 0.67 0.46 ※
3311.18 1.03 1.69 2.36 1.06 2.64 17.47 36.78 45.74 0.43 0.25 0.16 0.17 0.58 0.36 ※
3313.65 0.99 1.88 2.50 0.74 1.47 8.71 30.37 60.93 0.39 0.34 0.21 0.60 0.30 0.35
3319.96 1.01 1.24 1.74 1.80 0.85 18.38 33.04 48.58 0.42 0.26 0.19 0.28 0.51 0.41 ※
3323.38 0.95 1.38 1.73 0.88 1.82 18.18 33.71 48.11 0.42 0.29 0.20 0.35 0.47 0.44 ※
3327.94 1.45 0.86 0.62 1.02 0.73 20.06 35.88 44.07 0.44 0.28 0.21 0.27 0.46 0.44
3336.38 1.17 0.39 0.30 0.53 0.07 20.30 37.58 42.12 0.43 0.31 0.12 0.44 0.42 0.44

Note: Pr/Ph ¼ Pristane/Phytane; Pr/C17 ¼ Pristane/C17 n-alkane; Ph/C18 ¼ Phytane/C18 n-alkane; 21�/22þ ¼ P
C < 21 n-alkane/

P
C > 22 n-alkane; b/Cmax ¼ b-carotane/main

carbon peak; 27% ¼ C27 steranes/(C27 steranes þ C28 steranes þ C29 steranes); 28% ¼ C28 steranes/(C27 steranes þ C28 steranes þ C29 steranes); 29% ¼ C29 steranes/(C27

steranes þ C28 steranes þ C29 steranes); C27/(C27þC29) ¼ C27 steranes/(C27 steranes þ C29 steranes); 20S(%) ¼ C29 sterane aaa20S/(20S þ 20R); bb(%) ¼ C29 sterane abb/
(abbþaaa); G/H¼ Gammacerane/C30 hopane; Ts/Tm¼ 18a (H)-22,29,30- trisnorneohopane/17a(H)-22,29,30-trisnorhopane; ETR¼ (C28 þ C29)/(C28 þ C29 þ Ts); C35/C34 ¼ C35
22S/C34 22S hopane. The datas remarked with ※ is from Ding X.J. et al. (2019).
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