Downloaded via 118.182.70.210 on January 29, 2025 at 02:02:34 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

- QA

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Geochemistry and Origin of Deep and Ultradeep Crude Oils from
the Jurassic Qigu Formation, Yongjin Area, Central Junggar Basin,
NW China

Yansheng Qu, Jingi Qiao,*™ Ningning Zhong, Wei Li, Guanlong Zhang, Hongzhou Yu, Gui Wang,
and Fangchao Yan

Cite This: ACS Omega 2025, 10, 2735-2761 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

ABSTRACT: Recently, there has been an increasing focus on deep and ultradeep
oil and gas exploration and development. The Upper Jurassic Qigu Formation (Fm.)
in the Yongjin region, located in the central area of the petroleum-bearing Junggar
Basin, develops typically deep and ultradeep hydrocarbon reservoirs, but there is
currently limited knowledge of the geochemical characteristics and origins of the oils
in the reservoirs. A comprehensive analysis of the molecular characteristics and
carbon isotopes of the oil and extractable organic matter (OM) samples from the
Qigu reservoirs, as well as source rocks from the Middle Permian lower Wuerhe and
Lower Permian Fengcheng Fm., was carried out to elucidate the thermal maturity,
biological sources, and biodegradation scale of the OM, as well as the depositional
environment of the related source rocks. The results suggest that the Qigu oils
originated primarily from source rocks formed in a hypersaline lacustrine
environment with paleoredox conditions of bottom water ranging from reducing
to suboxic conditions. Furthermore, the biological sources of oils predominantly originated from bacteria, followed by algae. The
degradation scales range between 3 and 4, and the thermal maturity is in the oil window for the samples examined. The OM of the
Permian source rocks in the Yongjin region are in the high thermal maturity stage due to their ultradeep burial, thereby providing
limited information to oil and source correlation. By combining more than 1000 published data from the entire basin, significant
differences between the Jurassic and Permian source rocks, as well as minor differences between the lower Wuerhe (i.e., the ratios of
Pr/n-C,; of <0.5, Ph/n-C g of <0.5, Pr/Ph of >1.5, C,,/C,g sterane of >0.4, and hopanoids/steranes of >1 as well as the higher C,y/
Cy; Tri ratios) and Fengcheng source rocks (i.e., f-carotane/n-C,,, ratios of >0.1 and some samples with C,; steranes
concentrations of <10% in the normalized concentrations of C,;, C,5, and C,, steranes), were observed, and the origins of the oils
were determined. The oil-source correlation suggests that the oils most likely originated from the lower Wuerhe Fm. without strictly
excluding the possibility of a contribution from the Fengcheng Fm.
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1. INTRODUCTION and the multistage reservoir reconstructions contribute to the
In recent years, there has been an increasing investment in the complexity of crude oil types in deep and ultradeep oil and gas
exploration and development of deep (>4500 m) and ultradeep systems, which significantly hinders the determination of the
(>6000 m) oil and gas resources worldwide, which have become sources and formation mechanisms of crude oils.'**?

an important part of deep earth research.'~* The contribution of The Junggar Basin is a prototypical superimposed petroleum-
deep and ultradeep oil and gas resources to global oil production bearing basin located in the northern region of the Xinjiang
is also on the rise.”® At present, the proven deep and ultradeep Uygur Autonomous Region in northwest China (Figure 1a).
oil and gas resources in China have reached 67.1 X 10” tons of ol The origins of the Jurassic crude oils are currently unclear, and

equivalent, accounting for 34% of the total oil and gas resources
in China.” Deep and ultradeep oil and gas resources have
become the main targets of major oil and gas discovery in China,
and large-scale discoveries have been made in the deep layers of
the Tarim, Sichuan, Junggar, Songliao, Yin’e and Bohai Bay
Basin."~"" However, multiple sets of potential source rocks are
generally developed in deep and ultradeep hydrocarbon systems
and have undergone complex structural evolution. The different
hydrocarbon generation processes from various source rocks

the Jurassic crude oils found in various regions of the basin are
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Figure 1. (a) Schematic map showing the location of the Junggar Basin in Chma, (b) its structure outline map, and (c) the study area and well
locations. Note: (a) and (b) were modified with permission from reference.'®
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generated by source rocks from different strata. For example, the
Jurassic crude oils found in the central Junggar Basin, the Cainan
oilfield in the eastern Junggar Basin, and the slope zone of the
Mahu Sag in the northwest Junggar Basin are primarily
generated by the Lower Jurassic Badaowan Formation (Fm.)
coal-bearing source rocks,'* are mixed generated by the three
sets of source rocks,'> and are generated by the Lower Permian
Fengcheng Fm.,'® respectively. This ambiguity stems from the
presence of multiple sets of source rocks under the main Jurassic
hydrocarbon reservoirs (i.e., the Middle Jurassic Xishanyao and
Upper Jurassic Qigu Fm.), which includes the Fengcheng Fm.
and Middle Permian lower Wuerhe Fm. (the lower Wuerhe Fm.
represents the isochronous stratigraphic unit of the Lucaogou
and Pingdiquan Fm. in various areas of the basin), as well as the
Badaowan Fm. (e.g, refs 16—19). Furthermore, it has been
challenging to identify effective geochemical parameters to
distinguish between the source rocks of the Fengcheng Fm. and
the lower Wuerhe Fm. because they formed under very similar
depositional environments and share very similar organic matter
(OM) origins.'*™"? These similarities make it difficult to
correlate oil and sources in the study area in detail. Furthermore,
some molecular parameters exhibit convergent in the high and
over high thermal maturity of OM, for example, the distribution
patterns of n-alkanes of across diverse source rocks show
abundant n-alkanes below n-C,, characterized by a lack of odd/
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even predominance, so it complicates the correlation between
the oil and the source in deep and ultradeep reservoirs.

The Yongjin region encompasses an exploration area of
approximately 1200 km? (Figure 1b). Positioned to the east of
the Mosuowan High and Monan High as well as west of the
Shawan Sag, this area holds significant potential for enhancing
the hydrocarbon reservoirs in the western exploration area of the
Shengli Oilfield, operated by Sinopec (China Petrochemical
Corporation). The reported Jurassic cumulative prognostic
reserves stand at nearly 83.6 X 10° tons. The Qigu Fm. reservoir,
buried at a depth of 5500—6500 m, contains significant deep and
ultradeep oil and gas resources potential, with over 62 X 10° tons
of oil reserves (Figure 2). The Qigu Fm. is in unconformity
contact with both the overlying Cretaceous Qingshuihe Fm. and
the underlying Xishanyao Fm (Figure 2). The lithological
association, which is mainly composed of sandy conglomerate in
the bottom, sandstone and siltstone in the middle, and
mudstone in the upper, is very conducive to the accumulation
and preservation of oil and gas (Figure 2). Multiple sets of
important source rocks, buried at depths of 8000—10,000 m,
belong to ultradeep source rocks in the Shawan Sag. The
discovery of industrial oil flows in the Y 1 well in 2004 prompted
a significant increase in Sinopec’s investment in exploration and
development activities. As part of this endeavor, 34 development
and evaluation wells targeting the Qigu Fm. have been
strategically deployed up to 2024, with 24 of these wells drilled

https://doi.org/10.1021/acsomega.4c08477
ACS Omega 2025, 10, 2735-2761
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Figure 2. Comprehensive stratigraphic column diagram of the Yongjin area in the Junggar Basin, China.

into oil layers (Figure 1c). Following preliminary exploration,

several of these development wells demonstrated significant
production potential. Specifically, in the Y 1,Y2,Y 3,Y 301, and

Y] 303 wells, as well as some adjacent wells, substantial industrial

oil flow has been achieved from the Qigu Fm., with a cumulative

2737

oil production of 90 tons and a cumulative gas production of 2.8
X 10* m* per day. The Y 3-x2 well initially recorded an oil
production of 56 tons per day, and the Y 3-x12 well yielded 35.8
tons of oil per day. These findings strongly indicate the

considerable promise of the Yongjin area, with ongoing

https://doi.org/10.1021/acsomega.4c08477
ACS Omega 2025, 10, 2735-2761
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exploration and development efforts expected to yield further
positive results. The preliminary exploration suggests that the
Yongjin area possesses hydrocarbon accumulation features, such
as multistage charging, high formation pressures, different
hydrocarbon enrichment mechanisms, and reservoirs distinct
from hydrocarbon source rocks. The current understanding of
Qigu Fm. is limited due to the ambiguity regarding the origin of
oils in the reservoirs. This study comprehensively interpreted
the saturated and aromatic hydrocarbon data as well as the
isotopic composition of the oil and extractable OM (EOM)
samples from the Qigu Fm. in the Yongjin area and compared
them to the molecular characteristics of the source rocks. The
main objective is to offer a comprehensive understanding of the
characteristics of the oils, thereby interpreting the origin of OM
and the depositional environment of the related source rocks of
the oils, as well as assessing the thermal maturity and
biodegradation levels of the oils. These insights are essential
for identifying the origins of the oils in the Yongjin area and
contribute to an enhanced understanding of the geological
processes involved in the formation and evolution of the oils in
the Qigu reservoirs.

2. GEOLOGICAL SETTING

The Junggar Basin, which exhibits a triangular shape, spans over
700 km from east to west and 370 km from north to south,
encompassing a total area of approximately 13 X 10* km? with
an average elevation of approximately 500 m (Figure 1b)."**°
The basin is flanked by several mountain ranges, including the
Zhayier Mountain to the northwest, the Kalamaili Mountain and
the Qinggelidi Mountain to the northeast, the Yilinheibiergen
Mountain to the southwest, and the Bogda Mountain to the
southeast (Figure 1b).

Geologically, the Junggar Basin lies within the central stable
region of the Junggar-Tuha terrane and functions as the
confluence zone of the plates of Siberian, Tarim, and
Kazakhstan.”" The basin has been subjected to a succession of
tectonic events, including the Hercynian, Indochinese, Yanshan,
and Himalayan movements, leading to the development of an
intricate and diverse tectonic framework within the region.””

The basement of the Junggar Basin exhibits a complex dual-
layer structure, which is the pre-Cambrian crystalline basement
superimposed with the Hercynian fold mountain basement.
Overlying the basement, sedimentary layers ranging from
Carboniferous to Cretaceous are prevalent across most of the
basin. In the Yongjin area, the sedimentary sequences extend to
the Quaternary systems. The currently deepest well in the study
area, the ZS 101 well, has reached down to the Fengcheng Fm.
Around the ZS 101 well, the lithology of the Fengcheng Fm. is
mainly composed of mudstone, dolomitic mudstone, and
limestone mudstone with some argillaceous siltstone, while
that of the lower Wuerhe Fm. contains a higher proportion of
coarser components, e.g,, sandstone and argillaceous sandstone
(Figure 3). During the Late Carboniferous and early Middle
Jurassic periods, the study area was situated in a negative
tectonic unit. The structural development of the Chepaizi-
Mosuowan area have undergone a reversal and gradual uplift
during the Middle and Late Jurassic periods due to the Yanshan
Movement, which ultimately led to the formation of the
Mosuowan High. Located on the dipping slope, the Yongjin area
benefits from the continuous southward dip of the structure and
provides favorable structural conditions for the accumulation of
oil and gas resources in the area. The structure of the Qigu Fm.
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and Fengcheng Formation of the ZS 101 well in the Yongjin area in the
Junggar Basin, China.

in the Yongjin area is relatively simple and is characterized by a
broad and gently sloping structural background.

The study area experienced significant erosion effects,
especially in the north and west, due to the multistage uplift of
the Mosuowan High. The erosion mainly affected the areas
around the Y 1 and Y 3 wells as well as the eastern region,
forming a large-scale stratigraphic erosion trap. Consequently,
only one member of the Qigu Fm. remains in the Yongjin area,
with stratum thicknesses ranging between 40 and 60 m. This
member consists mainly of purplish-red mudstone segments.
The upper part consists of purplish-red mudstone interspersed
with purplish-red and gray sandstone, while the lower part
features gray sandstone interspersed with purplish-red mud-
stone (Figure 2).

3. SAMPLES AND METHODS

3.1. Samples and Preparation. A total of 76 samples were
analyzed in this study. Among them, 14 samples are oil samples
from the Y 1 well, Y 3 well, Y 9 well, Y 301 well, YJ 304C well, YJ

https://doi.org/10.1021/acsomega.4c08477
ACS Omega 2025, 10, 2735-2761
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Table 1. Physical Parameters of the Oil Samples from the Qigu Formation in the Yongjin Area of the Junggar Basin, China“

sample density (20  viscosity (SO  condensation ~ wax precipitation  wax content  resin content asphaltene
type well depth (m) °C) °Ct§ point point (%) (%) content (%)
Oil Y1-3 5969.00—5996.00 0.84 3.0 11 19.8 17.43 8.21 445
Y1 5873.40—5888.10 0.88 28.8 4 n.d. 16.43 n.d. n.d.
Y2 6051.00—6061.60 0.84 4.0 8 n.d. 10.50 7.70 n.d.
YJ 12 6159.20—6166.00 0.88 40.7 10 21.8 15.42 13.35 5.68
Y 301 5541.60—5552.00 0.87 50.0 9 193 18.22 11.68 5.45
Y 301 5541.60—5552.00 0.87 S51.0 10 20.6 17.74 12.65 4.37
Y 301 5541.60—5552.00 0.85 57.0 7 20.3 17.11 10.17 3.56
Y 3x1 5716.00—5724.00 091 327.5 9 n.d. 2.37 8.65 6.38
Y 3-x2 5817.20—5829.00 0.87 21.0 9 18.9 17.98 9.87 5.26
Y 3-x2 5817.20—5829.00 0.86 19.0 9 214 18.67 9.72 4.83
Y3x11  6021.00—6033.00 0.86 13.0 9 20.9 17.67 10.57 4.52
Y3-x17 5714.20-5730.30 0.89 381.6 6 n.d. 12.95 13.48 S5.64
Y 3-pl 5894.00—6616.00 0.85 28.0 7 20.0 16.94 11.54 4.15
Y 3-pl 5894.00—6616.00 0.86 9.0 8 20.1 17.15 10.87 4.38
Y3-cpl  5775.85—-6110.80 0.85 11.7 7 204 16.63 11.32 4.69
Y3-cpl  5775.85—-6110.80 0.86 13.0 7 18.5 16.21 11.48 4.83
Y3-cpl  5775.85-6110.80 0.86 18.0 12 212 16.85 10.78 4.57
Y3-cpl  5775.85—-6110.80 0.86 15.0 8 19.7 16.78 10.93 4.16

“n.d., no detected.

302 well, Y 1-p1 well, Y 3-x11 well, Y 3-x12 well, and Y 3-cpl
well, as well as 49 samples are EOM samples from sandstone/
reservoirs from the Y 1—1 well, Y] 1-3 well, Y 1 well, Y 2 well, Y
3well, Y 6 well, Y 7 well, Y 8 well, YJ 12 well, YJ 14 well, YJ 15
well, Y 301 well, YJ 302 well, YJ 303 well, and Y 3-x17 well
(Figure 1c). The source rocks were sampled from the ZS 101
well (5 source rocks from the lower Wuerhe Fm. and 8 from the
Fengcheng Fm.). The TOC contents of the Fengcheng Fm. are
mostly lower than 1.0%, while of the lower Wuerhe Fm., they are
higher, ranging from 0.38 to 3.28% (average 1.46%) (Figure 3).
S, (quantity of free and sorbed hydrocarbon, mg HC/g rock)
values are similar between the Fengcheng Fm. and the lower
Wuerhe Fm., while S, (generated hydrocarbon, mg HC/g rock)
values are lower in the Fengcheng Fm. in comparison to those in
the lower Wuerhe Fm (Figure 3). Moreover, the Sr (strontium)
concentrations indicate that both the Fengcheng Fm. and the
lower Wuerhe Fm. were deposited under hypersaline and saline
conditions, and the paleosalinity decreased from the Fengcheng
Fm. to the lower Wuerhe Fm. (Figure 3). Additionally, the
oxygen contents in the water column of the Wuerhe Fm. were
higher than that of the Fengcheng Fm., which is supported by
the higher U (uranium)g; and Mo (monium)g contents in the
Fengcheng Fm. (Figure 3). Among the source rocks, four
samples taken from depths of 7941.00 and 7955.40 m in the
lower Wuerhe Fm., as well as from 8737.00 and 8742.50 m in the
Fengcheng Fm. were used to make polished sections for organic
petrography analysis.

The densities (at 20 °C; 0.1 MPa) and viscosities (at S0 °C;
0.1 MPa) of the oils range from 0.84 to 0.91 g/cm* (avg. 0.86 g/
cm®) and from 3.0 to 381.6 mPa s (52.23 mPa s), respectively.
The condensation points are 4—12 °C (8.4 °C on average), and
wax precipitation points are 18.2—21.8 °C (20.07 °C on
average), respectively (Table 1). Moreover, the contents of wax,
resin, and asphaltene are 2.37—18.67%, 7.70—13.48%, and
3.56—6.38%, respectively (Table 1).

In the present study, an accelerated solvent extraction (ASE)
was employed to extract OM from the sandstones and source
rocks. Powdered samples, weighing 80—120 g and sized <80
mesh, were extracted using dichloromethane (DCM). Post-
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extraction, elemental sulfur was removed by adding copper
powder to the oils and extracts.

The oils and EOM samples were subjected to fractionation
and separated into four fractions: aliphatic hydrocarbons,
aromatic hydrocarbons, NSO (nitrogen-, sulfur-, and oxygen-
containing) components, and asphaltenes, wherein the
asphaltene fraction was precipitated via a settlement of extracts
and oils dissolved in #n-hexane for a duration exceeding 12 h. The
remaining three fractions were subjected to washing with eluents
of different polarities, including n-hexane (30 mL), a mixed
solvent of n-hexane/DCM (20 mL), and anhydrous ethanol (10
mL), followed by trichloromethane (10 mL) in turn via column
chromatography.

The separated saturated hydrocarbon and aromatic compo-
nents were volatilized to dryness at temperatures below 40 °C,
while the NSO and asphaltene components were volatilized to
dryness at temperatures not exceeding 60 °C. Following the
desiccation process, approximately 30 pg of each sample was
weighed and then deposited into appropriate tin cups or tin bags.
Subsequently, the tin cups or tin bags containing the samples
were folded or wrapped into a compact shape using a clamp and
then positioned on a sample plate to determine the stable
organic carbon isotope composition (6C).

3.2. Analysis Methods. A Leica DM4500P microscope was
used to identify maceral composition and measure the vitrinite
reflectance (VR,). A standard sample with a known reflectance
(Yttrium—Aluminum-Garnet, 1.725%) was used to calibrate the
microscope before each measurement. See literature'”~'"** for
more information related to the process of the analysis.

The aliphatic and aromatic hydrocarbon fractions were
subjected to gas chromatography (GC)-mass spectrometry
(MS) analysis using an Agilent 6890 gas chromatograph coupled
to a 5975i mass spectrometer and an Agilent 7890B gas
chromatograph coupled to a 5977A mass spectrometer,
respectively. The equipment operational settings and temper-
ature programs were comprehensively described in detail in the
work of refs 18,20. The molecular parameter quantification was
based on evaluating the peak areas of specific ion chromato-
grams, with the compound identification achieved through
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Figure 4. Photomicrographs representative of the macerals and pyrite under (a—e) incident white light and (c—f) fluorescence mode in the source
rocks from the lower Wuerhe Formation (a—c) and Fengcheng Formation (d—f) in the ZS 101 well located in the Yongjin area in the central Junggar

Basin, China.

meticulous comparison of the elution sequences with published
literature (e.g, refs 17,24,25).

The analysis of §'°C was determined by using a FLASH HT
EA-MAT 253 isotope ratio mass spectrometer (IRMS). High-
purity helium gas (99.999%) served as the carrier maintaining a
flow rate of 100 mL/min and a backflush flow of 250 mL/min.
High-purity oxygen gas (99.995%) was used as the combustion
gas at a flow rate of 250 mL/min. The reactor temperature was
980 °C, and the filling materials of the reaction furnace are
chromium oxide, copper, and silver—containing cobalt oxide.
The USGS-61 (§"°*CPDB: —35.05 + 0.04%c), USGS-62
(6"°CPDB: —14.79 + 0.04%c), and USGS-63 (63 CPDB:
—1.17 + 0.04%o) were used as standard materials. In order to
make sure the accuracy and precision of the analysis, the
standard samples were regularly analyzed before and after the
measurement, and each sample was analyzed three times to
ensure reproducibility of the results.

All analyses were performed at the State Key Laboratory of
Petroleum Resources and Engineering, China University of
Petroleum (Beijing).

4. RESULTS

4.1. Organic Petrography. Vitrinite is the predominant
macerals (Figure 4a,b,e) with some inertinite macerals (Figure
4a,b,d). The VR, values range from 1.79% (7941.00 m of the
lower Wuerhe Fm.) to 1.95% (8742.50 m of the Fengcheng
Fm.) with an average value of 1.86%, indicating a high thermal
maturity stage. Due to the high thermal maturity of the OM,
liptinite macerals are hard to observe (Figure 4c,f). Pyrites are
abundant in all samples occurring as euhedral crystals in most
cases (Figure 4ab,e).

4.2. Molecular Composition. 4.2.1. n-Alkanes, Acyclic
Isoprenoids, and Bicyclic Alkanes. The total ion chromatogram
(TIC) chromatograms of the studied oil and EOM samples
reveal that the primary compounds are normal alkanes (n-
alkanes) in the range from n-Cy, to n-C;; with an unimodal
distribution exhibiting maxima at #-C g or n-C,o in most samples
(Figure Sa,b; Table 2). The CPI and the OEP values are 0.90—
1.13 and 0.96—1.15, respectively (Table 2). Additionally, the
TAR (terrigenous/aquatic ratio) and P, (submerged/floating
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macrophytes) range from 0 to 2.77 (0.32 on average) and from
0.68 to 0.98 (0.82 on average), respectively (Figure Sa,b) (Table
2).

Moreover, the presence of isoprenoids, such as i-Cg
(farnesane), i-Cy4, pristane (Pr), phytane (Ph), i-C,s (PMI),
and i-C;, (squalane), is evident (Figure Sa,b). Relative
concentration analyses reveal values for Pr and Ph in comparison
to their adjoining n-alkanes (ie., Pr/n-Cy; and Ph/n-Cg) of
0.24—1.08 and 0.18—2.00, respectively. Furthermore, the Pr/Ph
ratios exhibit a range between 0.19 and 1.92 (Table 2). Notably,
significant variations in f-carotane abundances (m/z 125) are
observed, with f-carotane/n-C,,,, ratios spanning from 0 to 0.42
(averaging 0.07) (Table 2). Short-chain monomethylalkanes
(MMAs) are also abundant for the samples examined (Figure
Sab).

The chromatograms of the source rocks show that the primary
compounds are n-alkanes in the range from n-Cy, to n-Cy, with
an unimodal distribution (Figure 6ab; Table 3). The
isoprenoids, such as i-Cy¢, Pr, and Ph, are abundant (Figure
6a,b). Pr/n-C,, and Ph/n-C4 are 0.30—0.71 and 0.62—1.11,
respectively, and the Pr/Ph ratios are 0.42—1.35 (Table 3).
Moreover, f-carotane is hard to observe (Table 3). The MMAs
concentrations are also high for the source rocks (Figure 6a,b).

4.2.2. Terpanes. In the mass chromatogram at m/z 191,
terpanes are observed. Tricyclic terpanes (Tri) ranging between
Cyy and C,y, excluding C,;, are present in all oil and EOM
samples (Figure Sc,d). Within the short chains of Tris, trends
include increasing concentrations from Cyy to C,; Tri and
decreasing concentrations from C,3 to C,g Tri with C,,/C,; Tri
ranging from 0.36 to 0.58 and C,5/(Cyo + C,3) Tri from 0.10 to
0.67, respectively (Figure Sc,d; Table 4). Furthermore, the
concentrations of C,, Tri are lower than those of C,; or Cy; Tri
with C,,/C,; Tri ratios ranging between 0.15 and 0.27 (Figure
Sc,d; Table 4). The concentrations of C,5 Tri are generally
higher than those of C,4 Tri, with C,4/C, Tri ratios being in the
range of 0.90 to 1.73. The extended Tri ratio (ETR), calculated
as (Cyg Tris + C,o Tris)/Ts, ranges between 0.80 and 2.92. C,,
tetracyclic terpane (Tet) is observed in all samples with C,, Tet/
C,3 Tri ranging from 0.12 to 0.49 (Figure Sc,d; Table 4).
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Figure S. Distribution of partial mass chromatograms of the aliphatic fraction in representative samples (figures on the left represent the oil sample
from the Y 301 well and those on the right represent the EOM sample from the YJ 1—3 well). (a, b) Total ion chromatogram (TIC), (c, d) mass
chromatograms showing the distributions of hopanes (m/z 191) and methylhopanoids (m/z 205), as well as (e, f) mass chromatograms showing the

distributions of steranes (m/z 217).

A series of hopanes (Hop) were detected in the studied
samples, spanning from C,, to C5 except for C,q and pecking at
Cs, in most cases (as indicated by C,,/C,, Hop ratios of 0.40—
1.15 with an average value of 0.71) (Figure Sc,d; Table 4).
Furthermore, C3, ;5 Hop encompasses multiple stereoisomers
with C;; and Cy, Hop 225/(22S + 22R) being 0.48—0.62 and
0.54—0.65, respectively (Figure Sc,d; Table 4). Moreover. Ts/
(Ts + Tm) ratios range from 0.23 to 0.60, and C5; 22R/C,, Hop
ratios range from 0.14 to 0.36, respectively (Table 4).
Gammacerane (Gamm) shows high concentrations with a
Gamm/Cs, Hop ratio ranging between 0.14 and 1.04 (Figure
5c,d; Table 4).

Moreover, it is noteworthy that two series of methylhopa-
noids (MeH) (m/z 205) including 2a-MeH and 3f3-MeH as
well as C,5 25-norhopane (C,,NH) are abundant in the oils and
EOM samples with C,,NH/C;, Hop ratios of 0.00—0.23
(Figure Sc,d; Table 4).

The distributions of terpanes of the source rocks are
characterized by the highest concentrations of C;, Hop (Figure
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6¢,d) and the used parameters related to terpanes are listed in

Table 3.
4.2.3. Steroids. Steroids for the studied oil and EOM samples

are identified by monitoring m/z 217 ion chromatograms
(Figure Se,f), which shows that C,y steranes (34.44—54.95%)
and C,g steranes (25.71—43.92%) are predominant, while C,,
steranes (11.18—28.21%) are relatively minor in most cases
(Figure Se,f) (Table 4). The C,o @ 20S/(20S + 20R) and 33/
(BB + aa) steranes ratios range from 0.42 to 0.56 and from 0.43
to 0.62, respectively (Table 4). Additionally, the concentrations
of C,,_5, steranes (i.e., pregnane and homopregnane) vary
significantly compared to C,;_,, steranes with Cy;_,,/(Cy1_5, +
C,7_20) steranes ratios ranging from 0.03 to 0.39 (0.11 on
average) (Table 4). The abundances of C,; diasteranes are also
variable, with C,, diasteranes/(diasteranes + regular steranes)
ratios ranging between 0.10 and 0.31 (avg. 0.19) (Table 4).
Furthermore, detectable levels of C;, 4-methylsteranes are also
observed (Figure Se,f).
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Table 2. Biomarker Parameters of Alkanes and f-Carotane of the Oil and EOM Samples from the Qigu Formation in the

Yongjin Area of the Junggar Basin, China“®

sample type
Oil

EOM

well

Y1
Y1
Y3

Y 301
Y 301
Y 302
Y 302
Y 3=xI1
Y 3x11
Y 3x12
Y 3x12
Y 3-cpl
Y 1-1
Y 1-1
Y 1-1
Y 1-1
Y 1-1
Y 1-1
YJ 1-3
YJ 1-3
Y] 1-3
YJ 1-3
Y] 1-3
YJ 1-3
YJ 1-3
YJ 1-3
YJ 1-3
Y1
Y1
Y1
Y1
Y2
Y2
Y2
Y2
Y2
Y2
Y3
Y3
Y6
Y6
Y6
Y6
Y6
Y7

Y 8

Y] 12
YJ 12
YJ 12
Y] 12
YJ 12
Y] 14
Y] 14
YJ 1S
Y 301
Y 301
Y 301
YJ 302
YJ 303
YJ 303

depth (m)
5873.40—5888.10
5873.40—5888.10
5609.60—5619.90
5541.60—5552.00
5541.60—5552.00
5549.90—5655.80
5649.90—5666.30
6021.00—6034.50
6021.00—6034.50
5784.20—5796.00
5784.20—5796.00
5775.85—6110.80
5814.43
5818.40
5822.57
5827.10
5839.10
5843.90
5971.20
5976.20
5978.50
5982.15
5987.85
5988.89
5988.90
5990.50
5999.50
5874.50
5878.10
5880.00
5886.50
5998.00
6000.60
6002.00
6004.28
6004.45
6004.50
5615.50
5619.00
6027.40
6028.50
6033.20
6034.00
6035.00
6099.80
6045.00
5767.90
5772.95
5774.37
5783.30
5785.40
5486.00
5517.50
5780.00
5542.40
5543.60
5549.10
5651.00
5741.00
5§750.30

Pr/Ph

1.63
1.84
1.92
1.50
1.76
0.98
1.46
1.21
1.70
1.12
1.63
1.76
n.d.

0.52
n.d.

0.64
0.37
0.49
0.19
0.64
0.52
0.71
0.56
0.45
0.31
0.61
0.46
1.51
1.71
1.57
1.47
1.54
0.94
1.39
0.72
0.89
143
0.97
0.80
0.68
0.65
1.02
0.63
0.59
1.04
091
0.37
0.47
0.35
0.69
0.47
0.49
0.26
0.32
0.64
0.68
0.68
0.30
0.32
0.28

Pr/n-Cy,
0.44
0.46
0.37
0.36
0.30
0.37
0.27
0.34
0.29
0.38
0.29
0.30
n.d.
0.95
n.d.
0.76
0.35
0.48
0.51
1.00
0.99
1.08
0.86
0.87
0.31
0.91
0.81
0.44
0.44
0.47
0.44
0.49
0.24
0.41
1.00
0.32
0.41
0.37
0.34
0.53
0.60
0.84
0.54
0.63
1.02
0.35
0.30
0.70
0.29
0.76
0.28
0.44
0.45
0.39
0.45
0.70
0.58
0.32
0.38
0.42

Ph/n-Cig
0.26
0.25
0.19
0.20
0.18
0.23
0.21
0.20
0.18
0.21
0.19
0.19
n.d.
1.55
n.d.
1.15
1.24
1.25
1.48
1.65
1.76
2.00
1.56
1.81
0.96
1.63
1.20
0.24
0.24
0.27
0.26
0.29
0.21
0.26
1.65
0.27
0.26
0.38
0.30
0.95
0.49
1.18
0.79
0.62
1.51
0.35
0.88
1.45
1.10
0.79
0.49
0.99
1.27
1.19
0.75
0.58
0.58
0.99
1.01
1.14

CPI

1.07
1.05
1.06
1.03
1.04
1.04
1.03
1.04
1.03
1.04
1.02
1.05
n.d.

1.07
n.d.

1.03
1.07
0.99
0.90
1.07
1.05
0.94
0.95
1.00
1.04
1.02
1.06
1.06
1.07
1.05
1.10
1.0
1.08
1.07
1.09
0.95
1.0
1.03
1.06
1.09
1.07
1.13
1.06
1.07
1.03
1.06
1.08
0.98
1.08
1.08
1.09
1.08
1.02
1.08
1.10
1.08
1.09
1.08
1.09
1.04

OEP

1.04
1.01
1.02
1.04
1.05
1.04
1.06
1.05
1.08
0.98
1.05
1.06
n.d.

1.08
n.d.

1.02
1.03
1.08
1.12
1.04
1.06
1.15
0.96
1.01
1.01
1.06
1.06
1.04
1.04
1.03
1.08
1.03
1.07
1.05
1.06
0.99
1.02
1.03
1.03
1.08
1.03
1.07
1.04
1.04
1.08
1.04
1.08
1.02
1.08
1.04
1.05
1.04
1.02
1.08
1.05
1.06
1.08
1.05
1.08
1.07

TAR

0.33
0.31
0.37
0.11
0.04
0.17
0.04
0.14
0.04
0.14
0.04
0.04
n.d.

0.12
n.d.

0.34
0.08
0.01
0.15
0.11
0.02
0.00
0.03
0.12
0.03
0.01
0.47
0.48
0.45
0.41
0.61
0.45
0.52
0.50
0.03
0.06
0.51
0.11
0.46
2.77
0.71
0.35
0.76
0.65
0.01
0.48
0.32
0.02
0.04
0.64
0.80
0.23
0.03
0.24
0.77
0.84
0.43
0.19
0.68
0.02

P,
0.80
0.79
0.78
0.93
0.94
0.93
0.94
0.93
0.94
0.92
0.93
0.94
n.d.
0.83
n.d.
0.76
0.76
0.98
0.74
0.80
0.84
0.86
0.85
0.85
0.81
0.83
0.87
0.79
0.77
0.79
0.70
0.74
0.79
0.73
0.77
0.91
0.70
0.87
0.83
0.75
0.80
0.72
0.68
0.75
0.80
0.74
0.81
0.98
0.78
0.85
0.75
0.74
0.87
0.83
0.76
0.86
0.86
0.77
0.78
0.85

[-carotane/n-C,,.,
n.d.
n.d.
n.d.
0.01
0.00
0.01
0.00
0.01
0.00
0.01
0.00
0.00
n.d.
0.06
n.d.
0.02
0.27
0.00
0.09
0.01
0.01
0.00
0.14
0.01
0.02
0.02
0.00
n.d.
n.d.
n.d.
n.d.
n.d.
0.02
n.d.
0.00
0.01
n.d.
n.d.
0.21
0.19
0.27
0.16
n.d.
0.39
0.00
n.d.
0.13
0.00
0.00
0.00
0.05
0.42
0.01
0.17
0.13
0.00
0.00
0.10
0.12
0.00
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Table 2. continued
sample type well depth (m) Pr/Ph Pr/n-Cy;
Y 3x17 5§722.50 0.38 0.31

Ph/n-Cyq CPI OEP TAR P,
0.85 1.07 1.05 0.29 0.76 0.08

[-carotane/n-C,.,

“n.d,, no detected; Pr, pristane; Ph, phytane; CPI = 2 X Y.0dd #-C,;_,o/ (X even n-Cy,_5 + Y even n-Cyy_39); OEP = (n-Cy; + 6 X n-Cy3 + n-Cyg)/
(4 X n-Cy, + 4 X n-C,y); TAR = (n-Cy; + n-Cyg + n-C51)/(n-Cys + n-Cy, + n-Cyo); P,y = (n-Cy3 + n-Cys)/(n-Cyz + n-Cyg + n-Cyg + n-Cyy).
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Figure 6. Distribution of partial mass chromatograms of the aliphatic fraction in representative samples (figures on the left represent source rocks from
the Fengcheng Fm., and those on the right represent those from the lower Wuerhe Fm). (a, b) TIC, (¢, d) mass chromatograms showing the
distributions of hopanes (m/z 191) and (e, f) mass chromatograms showing the distributions of steranes (m/z 217).

The steranes are abundant in C,,_,, steranes compared to
C,7_30 steranes in the source rocks (Figure 6ef), and the
parameters related to steranes are listed in Table 3.

4.2.4. Aromatic Hydrocarbons. The representative aromatic
fraction for the Jurassic samples is depicted in Figure 7. The
naphthalene (N; m/z 128) exhibits relatively low abundances
(Figure 7). Among the homologues of trimethylnaphthalenes
(TMNSs; m/z 170), 1,3,6-TMN or 1,2,5-TMN is predominant in
most samples with TNR-2 (calculated as (2,3,6- + 1,3,7-TMN)/
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(1,4,6- + 1,3,5- + 1,3,6-TMN))*® ranging from 0.44 to 1.19 and
log (1,2,5-TMN/1,3,6-TMN) from —0.46 to 0.60 (Table ).
The methyldibenzothiophenes (MDBTs; m/z 198) are
predominantly comprised of 4-MDBT, with the MDR (4-
MDBT/1-MDBT)** being between 1.32 and 7.53 (Table 5).
Additionally, the distribution of tetramethylnaphthalenes
(TeMNs; m/z 184) is characterized by the prevalence of
1,3,6,7-TeMN and 1,2,5,7- + 1,3,6,8-TeMN. The methylphe-
nanthrenes (MPs; m/z 192) distributions are characterized by
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Table 3. Biomarker Parameters of Aliphatic Fractions of the Source Rocks from the Fengcheng and Lower Wuerhe Samples from
the ZS 101 Well in the Yongjin Area of the Junggar Basin, China”

formation depth (m) Pr/Ph Pr/n-C,; Ph/n-Cg C,/Cy3Tri Gamm/Cs, Hop C,,/Cy aaa20R sterane hopanoids/steranes
lower Wuerhe 7935.42 0.92 0.57 091 1.05 028 1.02 2.77
7941.00 091 0.52 0.72 0.60 0.20 1.00 098
7944.74 1.01 047 0.62 2.19 0.30 1.09 2.88
7947.40 1.35 071 111 2.16 025 0.67 2.51
7955.40 0.56 0.52 0.99 1.54 0.19 0.67 344
Fengcheng 8445.00 0.69 0.54 091 2.99 0.07 124 4.67
8575.00 0.84 0.51 0.84 0.65 0.10 1.51 5.00
8664.50 0.61 0.51 0.89 1.34 0.06 1.37 4.54
8634.50 042 0.30 0.76 1.94 0.08 1.24 3.64
8737.00 0.73 0.53 0.84 1.01 026 0.42 2.00
8742.50 0.80 0.53 0.84 143 0.17 0.69 2.44
8956.70 0.87 0.54 0.90 1.67 020 0.81 291
8958.35 0.80 0.64 0.96 111 027 0.50 3.30

“Pr, pristane; Ph, phytane; Tri, tricyclic terpane; Hop, hopane; Gamm, Gammacerane.

MPI-1 (calculated as 1.5 X (3- + 2-MP)/(P + 9- + 1-MP);”’
MNR (2-MN/1-MN), F1 (calculated as (3- + 2-MP)/(2- + 3- +
1- + 9-MP)),*® and F2 (calculated as (2-MP)/(2- + 3- + 1- + 9-
MP))*® are 0.27—1.17, 0.75—2.06, 0.33—0.56, and 0.19—0.32,
respectively (Table S). Furthermore, ethylphenanthrenes +
dimethylphenanthrenes (EPs + DMPs; m/z 206), trimethyl-
phenanthrenes (TMPs, m/z 220), retene (m/z 219), chrysene
(m/z 228), fluoranthene and pyrene (m/z 202), as well as
benzo[b]fluoranthene, benzo[a]pyrene, benzo[e]pyrene, and
perylene (m/z 252) are observed (Figure 7).

The normalized distribution of dibenzothiophene (DBT; m/z
184), fluorene (Fl; m/z 166), and dibenzofurane (DBF; m/z
168) shows that DBT occurs in the highest relative
concentration (18.07—92.95%) in comparison to DBF (1.54—
63.73%) and FL (2.93—55.58%) (Table S). In addition, DBT/
PHE ratios range between 0.04 and 0.25 (Table S).

Triaromatic steroids (TAS; m/z 231) as well as methyltriar-
omatic steroids and C,g 4a, 23,24-trimethyltriaromatic steroids
(MeTAS and dino-TAS; m/z 245) are shown in Figure 8 with
the Cp4/C,g 20S TAS ratio, TAS cracking ratios (defined as (C,,
+Cy1)/(Cyo + Cyy + Co + Cyy + Cpg) TAS) and Cy/Cyg + Cog
(20R) TAS being 0.11-0.39, 0.07—0.43 and 0.19—0.66,
respectively (Table 5).

4.3. Stable Organic Carbon Isotope Compositions. The
5"C compositions of the oil and EOM samples (6°C,/gon) are
ranging from —31.8 to —28.4%c (Table 6). The §"C for
aliphatic (6"Cg,,) and aromatic (§"*C,,,) hydrocarbons, NSO
components (§"*Cyso) and asphaltene (513CASP) vary from
—32.2 to —29.7%0, —31.6 to —27.8%0, —30.2 to —27.6%o, and
—31.0 to —28.1%o, respectively (Table 6).

5. DISCUSSION

The composition of crude oil is predominantly determined by
factors including thermal maturity, depositional environment,
origin of OM, and subsequent alteration process.”’

5.1. Thermal Maturity. The assessment of oil thermal
maturity involves the interpretation of molecular maturity
indicators obtained from aliphatic and aromatic hydrocarbons.
Specifically, the evaluation of the C;; and Cj;, homohopanes
225/(22S + 22R) ratio suggests that the oils have reached the
main oil window in terms of thermal maturity (Figure 9a).’
Similarly, the C,y aaa 20S/(20S + 20R) to BB/(Bf + aa)
steranes ratios yield comparable indications regarding thermal
maturity (Figure 9b).
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The distributions of MPs are primarily affected by thermal
maturity, and they are less affected by lithology and kerogen
types.”® Consequently, they are commonly utilized as thermal
maturity parameters, such as MPI-1, MNR, F1, and F2, as well as
their calculated VR.. The MPI-1 and MNR values suggest that
the thermal maturities of the oil and EOM samples are within the
main oil window (Figure 10a). Similar conclusions can be drawn
from the cross plot of F1 vs F2 and the calculated VR based on
F2 (see Figure 10b). Other aromatic maturity-related
parameters, including TNR-2*° and MDR,*® as well as their
respective calculated VR, (Table 4), also indicate the thermal
maturity of the crude oil and EOM samples in the main stage of
the oil window (Figure 11a).

The C,4/C,5 20S TAS ratio, TAS cracking ratios and C,,/C,,
+ C,g (20R) TAS are commonly used as thermal maturity
indicators.””** The distributions of TAS indicate the thermal
maturity of the oil and EOM samples is in the early to middle oil
window stage (Figure 11b).

5.2. Depositional Setting. The interpretation of deposi-
tional settings of the related source rocks of the oils can be
facilitated by analyzing various molecular parameters. The
source rocks deposited under lacustrine settings can be inferred
from higher abundances of C;, Hop relative to C,5 Hop, as well
as low C,,/C,, and high C,,/C,; Tri ratios (Figure 12a).”* It
should be noted that the C,4/C;, Hop ratio is greater than 0.8 in
some samples, which actually indicates that the shale, composed
of carbonate and marlstone matrix, deposited under lacustrine
conditions with high salinity (see below).*>*® Additionally,
nonfresh water in lacustrine settings can be deduced from the
cross plot of Cys/Cys Tri vs Cy; 22R/Cyy Hop ratios (Figure
12b).”” The identification of clay-bearing source rocks can be
achieved by analyzing the cross plot of Cy1_5,/(Cy1_35 + Cy7_20)
steranes vs C,; diasteranes/ (diasteranes + regular steranes)
(Figure 13a).””*" Furthermore, the deposition of the source
rocks in clastic facies can be discerned by the gradual decrease
from Cs; to C;5 Hop (Figure 4¢,d).*” The ratio of Ts/(Ts + Tm)
vs C,, diasteranes/(diasteranes + regular steranes) (Figure 13b)
may be affected by the thermal maturity of OM and
lithology.””**~*' Notably, the low values of both Ts/(Ts +
Tm) and C,; diasteranes/(diasteranes + regular steranes)
compared to those in the Triassic Yanchang Fm. source rocks
(see ref 37 for details) indicate that the related source rocks of
the oils developed fewer clay minerals. Additionally, the
occurrence of detectable 4-methylsteranes further supports the

https://doi.org/10.1021/acsomega.4c08477
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" 2 U@ inference of the lacustrine setting.42 It should be noted that there
g O3 is no clear distinction between oil and EOM samples, indicating
g . P that both were formed under a lacustrine setting.
— N0 0 O OO — A IS .
3 ITZRAR2E D2 Lj & The paleoredox state of the benthic water column can be
g S inferred from various geochemical proxies such as the Pr/Ph
< SIS g P
§‘ 88 ratio (e.g, refs 36,43—47). A Pr/Ph ratio >3 implies oxic
~
50© environments with significant contributions from higher plants,
O @ g gher p
, = E while a ratio <0.8 suggests anoxic conditions with increasing
) >8< g input of algae, pargifularly in high salinity or carbonate
< ‘;‘f g E \;" ‘;'f § § ‘;'f g E 2 = § sedimentary settings.” The analyzed samples display varying
i ~ 5 Pr/Ph ratios indicative of a distinct contrast in their related
o &9 source rock properties with oils originating from suboxic to
< prop 8 8
UR s reducing environments, while EOM samples were formed under
2 P anoxic conditions. This difference is further illustrated by the
g éé Pr/n-Cy; vs Ph/n-Cg diagram (Figure 14a). An increased
Lj + salinity generally has an adverse effect on biodiversity and is
§883585228858 ‘ﬁ g beneficial to the preservation of OM postsedimentation in water
g °°ececeeceeeee —3 columns.”* The Gamm/Csy, aff Hop ratio suggests that the
= &2 related source rocks were deposited in saline to hypersaline
S NI P Yp
% v B environments with large variations in salinity (Figure 14b). This
5 S & g g
2 = inference is supported by the substantial variations in the
&= pPp Y
< e abundances of f-carotane which are regarded as an indicator of
~ N &
3 2 ‘: high salinity conditions (e.g., refs 27,49).
+ + 28 FLs, DBFs, and DBT's can be produced through the reactions
TH322352833533 28 of biphenyl or methyl-substituted biphenyls with surface-active
pheny: y pheny:
\< S O © © © © © © © © O ~ ~~ . 50
g |s g methylene, oxygen, and sulfur species on carbon surfaces.
gl a ga Furthermore, DBT is enriched in saline water conditions, while
3 |0 T 3 ]
% = 3 DBF is comparatively more abundant in freshwater environ-
o8
g 2 ments.”"** The relative contributions of Fl, DBF, and DBT in
~ g© the investigated samples serve as evidence that the related source
o Sl 8 P
L oo oo é&\ rocks were deposited under high salinity conditions (Figure
s IIIITIT22YT I oG4 15a). A similar result is further supported by the cross plot of
§ é\:/ DBT/PHE vs Pr/Ph (Figure 15b).
& g ‘g Furthermore, a high ETR value is a signature of high salinity
o g situations and/or reducing conditions in the water column,
g o signifying an OM contribution from algae.”>™>° For the
23R Aagqkae g}_{ investigated samples, the high values of ETR might stem from
SITIIFISISIISS "g’g a comprehensive result influenced by high salinity and reducing
lf) k| conditions in the water column as well as algal input, as
a3 evidenced by the absence of a linear correlation between the
A N WV O OV A T O N A 0 2'_' .
P SaanIaa® (§F ETR and Gamm/C;, @ff Hop (Figure 16).
SRR X Bt
T = 5.3. Origin of Organic Matter. Various types of hydro-
Zo~§ carbon compounds can serve as reliable indicators of the
s P
Bl o - N RO N W o L{E biological origins of OM (e.g,, refs 21,25,38,45,56,57).
BN IR R N S R B SR N Ly C : :
USFIxesuuger 4% 53 The distributions of saturated hydrocarbons are important in
&g 5 identifying their biological sources. Short-chain n-alkanes (i.e., n-
= 8 5 g g
- C1,—Cjg) are primarily derived from algae and phytoplankton,
o éé especially with relatively high n-C;, or le—ggl_gégoncentrations
~ g 8 8o indicating marine algae and cyanobacteria.” "
E g5 2 & & 4
et g3 chain n-alkanes (n-C,;_,5) are generally inductive of aquatic
- 5] . . .
& E 2328388228833 84 higher plants,61 particularly pecking at n-C,; and n-C,; alkanes,
© 2 § E § % § % 23 E § % g,”@ which are associated with aquatic pollen taxa, Nymphaea,
SRS Sphagnum moss species, and fresh-water algae (e.g., refs
¢ £ % phag P g g
2 U@é 42,62—64). Additionally, long-chain n-alkanes with a clear
N odd—even carbon predominance generally suggest higher plant
Aoy o e Y 65 p g Yy sugg g p
T3 LTI 53333% Haeg input,”” and high concentrations of C,, C,,, and C;, n-alkanes
o] 2 h B D N in o M put, g 27, 29, 31
2 EERERR = RERERE - 208 are indicative of land plant epicuticular waxes.
] a 8 3 P %
.g S A long-chain n-alkanes without a clear odd—even carbon
g N o e, predominance indicate saltwater algae input.***’
= 8 T . . .
© £ S 5 & The P values indicate that submerged/floating vegetation is
: =3 £ ; p the primary biological source of the OM.’" Considering the
% g [E“ ER thermal maturity of the oil and EOM samples, both the CPI and
@ L
B~ s 25
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OERP values have lost their effectiveness in indicating the source
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Figure 7. Partial mass chromatograms for the aromatic fraction of the oil sample from the Y 301 well.

of OM.®” The low TAR, although it is affected by the thermal
maturity of the OM, implies that aquatic organisms are a more
significant biological source. Furthermore, the presence of
branched alkanes, such as i-C,5, i-C,4, and i-C,,, indicates the
biological contribution of bacteria.”*® Additionally, some
species of algae and bacteria can be identified by some specific
compounds in most samples, e.g., PMI, 3-MeHs, and squalene
being inductive of methanogens, both the short-chain MMAs
and 2-MeHs indicating the occurrence of cyanobacteria and Cs,
4-methylsteranes being closely associated with dinoflagel-
lates.”~”* This finding can also be supported by the higher
abundances of MeTAS and dino-TAS, as they are indicative of
modern marine dinoflagellates (Figure 6).”” The lower
contributions of terrestrial higher plants to OM, compared to
aquatic higher plants, are also supported by the low ratios of C,,
Tet/C,; Triand C,9/(C,q + C,3) Tri ratios (Table 3),>”37577

In general, C,; and C,4 steranes are signatures of zooplankton
and phytoplankton, respectively.® In contrast, the origins of C,,
steranes are more intricate, such as terrestrial plants input in
freshwater conditions®® as well as some aquatic plants and
microalgae in high saline situations.'”****””*" The ternary
diagram illustrating the relative concentrations of C,;, C,3 and
Cyy steranes (Figure 17)°° implies that the OM origins are
sourced mainly from bacteria and algae deposited in bay/estuary
environments. Considering the paleosalinity conditions, the
high concentrations of C, steranes are an indicator of inputs of
aquatic plants and microalgae.

The relative contribution of prokaryotes compared to
eukaryotes (such as higher plants and algae) can be estimated
using the hopanoids/steranes ratio because hopanoids are
derived from microbial cell membranes.”””””*! The hopanoids/
steranes ratios ranging from 0.20 to 6.24 (avg. 2.34; Table 3) for
the oil and EOM samples are higher than those in organic-rich
sedimentary rocks and oils in the Phanerozoic marine,””*”**
indicating high levels of bacterial versus eukaryotic contribution.

Some certain compounds of TMNs are signatures of
terrestrial higher plants, such as 1,2,5-TMN and 1,2,7-
TMN.*"* The low concentrations of TMNs indicate a
minimal OM contribution from terrestrial higher plants (Figure
7). 1-MP and 9-MP are connected to type III kerogen and type
II-I kerogens, respectively.87 Furthermore, retene and 1,7-
DMP are linked to conifers.”**” The cross plots of log (1-MP/9-
MP) vs log (1,2,5-TMN/1,3,6-TMN) (Figure 18a) and log

2749

(retene/9-MP) vs log [1,7-DMP/(1,3- + 3,9- + 2,10- + 3,10-
DMP)] (Figure 18b) suggest a limited contribution of terrestrial
OM, as most samples are distributed in the lower left quadrants.
This result is further supported by the limited presence of typical
signatures of terrestrial higher plants, including naphthalene,
TMPs, chrysene, perylene, fluoranthene, pyrene, benzo[a]-
pyrene, benzo[e]pyrene, benzo[b]fluoranthene, etc.”0™%

The 6"Cg,, and §"°C,,, values of the studied samples suggest
that they are primarily nonmarine (waxy) oils (Figure 19a).96
To distinguish OM derived from marine and terrestrial settings,
the Canonical Variable (CV = —2.53 x 6“Cg,, + 222 X
613C—11.65)%° was calculated, using a threshold value of
<0.47 and >0.47 for discrimination. The CV values for the
studied samples indicate that the OM is predominantly derived
from terrestrial settings, with samples below the threshold
potentially influenced by thermal maturity”” and higher salinity.
Furthermore, the CV values provide insights into water column
stratifications.”” Additionally, the Jurassic source rocks exhibit a
heavier §"°C composition with §°C values > —28%o in contrast
to the Permian source rocks with 6'3C values < —29%o, as the
Permian source rocks have a larger contribution of sapropelic
OM, but humic OM makes an important contribution to the
Jurassic source rocks.'”'**%%® The §3C composition of the oil
and EOM samples also indicates the sapropelic OM from the
Permian source rocks is the major biological origins (Figure
19b).

5.4.Biodegradation Assessment. Generally, the presence
of the unresolved complex mixture (UCM) in the TIC (Figure
Sab) readily indicates that biodegradation occurred in the oil
and EOM samples.”””” Microbial activity primarily targets
normal and branched alkanes, as well as alkylated benzenes,
resulting in their preferential consumption.”” During the initial
biodegradation stage, n-Cg_;, compounds are significantly
depleted.”” The complete absence of n-C_4 is characteristic of
heavy to severe biodegradation (rank 3—4) in OM.”” Sparse
concentrations of n-C_ ¢ in the studied oil and EOM samples
indicate moderate (rank 2) to heavy levels (rank 3) of
biodegradation. Furthermore, high concentrations of isopre-
noids (e.g, i-Cj, nor-pristine, Pr, and Ph) indicate their
resistance to biodegradation, suggesting a biodegradation scale
below rank 4, as complete consumption of isoprenoids occurs
only in severe cases (rank > 4). However, the C,,NH/C,, Hop
ratios of most studied samples are above 0.1, and the presence of
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Table 5. Parameters of Aromatic Fractions of the Oil and EOM Samples from the Qigu Formation in the Yongjin Area of the
Junggar Basin, China®

sample type
Oil
EOM
sample
type well
Oil Y1
Y1
Y1
Y3
Y 301
YJ 302

well

Y1
Y1
Y1
Y3

Y 301
YJ 302
Y 3-x11
Y 3-x12
Y 1-1
Y 1-1
Y 1-1

YJ 12
Y] 14
YJ 15
Y 301
Y] 302
YJ 303
Y 3x17

depth (m)
5873.00—
5881.00

5873.40—
5888.10

5873.40—
5888.10

5609.60—
5619.90

5541.60—
5552.00

5549.90—
5655.80

depth (m) TNR-2 MDR MPI-1
5873.00—5881.00 0.86 4.62 0.80
5873.40—5888.10 0.95 5.66 0.79
5873.40—5888.10 1.19 5.82 0.83
5609.60—5619.90 0.68 6.81 091
5541.60—5552.00 0.85 6.80 0.90
5549.90—5655.80 0.94 4.94 0.96
6021.00—6034.50 0.93 6.01 0.97
5784.20—5796.00 0.87 7.53 0.91
5814.43 0.71 5.33 0.61
5818.40 0.64 3.96 0.70
5822.57 0.71 3.34 0.66
5839.10 0.62 3.13 0.48
5971.20 0.89 2.84 0.73
5976.20 0.79 5.40 0.86
5978.50 0.70 3.86 0.83
5982.15 0.76 5.21 0.42
5987.85 0.44 2.22 0.50
5988.90 0.90 3.55 0.80
5990.50 0.52 3.07 0.44
5874.50 0.80 4.50 0.84
5878.10 0.77 5.70 0.82
5880.00 0.79 6.75 0.80
5886.50 0.83 4.95 0.85
5998.00 0.92 4.92 0.81
6000.60 0.94 5.37 1.13
6002.00 0.92 5.22 0.93
6004.28 0.76 5.33 0.67
6004.45 0.89 5.64 1.06
6004.50 0.90 5.33 0.97
5615.50 0.95 5.89 0.89
5619.00 0.91 4.39 0.98
6027.40 091 5.10 0.61
6028.50 0.81 3.19 1.08
6033.20 0.54 5.03 0.49
6034.00 0.75 3.90 0.58
6035.00 0.78 3.17 1.17
6099.80 0.77 6.03 0.44
6043.20 0.75 1.32 0.35
6045.00 0.57 4.76 0.27
5785.40 0.85 4.11 0.55
5517.50 0.96 2.26 1.0
5780.00 0.92 3.56 0.61
5542.40 091 5.07 0.91
5651.00 0.74 3.30 0.56
5741.00 0.96 6.31 0.96
5722.50 1.01 5.96 0.93
log log
(1,2,5-/ (1-/  log [1,7-/(1,3- log
1,3,6-) 9-) +3,9-+2,10- (Retene/
TMN  MP  +3,10-)] DMP  9-MP)
027 —0.19 —0.44 ~1.08
0.08 —0.15 —0.37 —1.00
0.37 —-0.17 —-0.36 —1.01
—-0.22 —-0.17 —0.40 —0.84
0.03 —-0.15 —-0.43 —1.31
0.45 -0.16 -0.36 —1.23
2750

MNR

42.82

48.20

48.49

7.10

1.39
1.59
1.55
1.28
1.54
1.80
2.06
1.63
1.28
1.28
1.26
1.77
1.83
1.38
143
1.11
1.15
1.84
1.10
1.90
1.67
1.17
1.69
1.34
1.49
1.28
1.34
1.47
1.47
1.63
1.56
1.78
1.58
1.30
1.24
1.62
0.75
1.54
1.37
1.77
1.84
1.84
1.77
175
1.77
1.82

DBT®
73.50

51.07
49.63
44.10
48.64

85.09

F1

047
0.48
0.49
0.51
0.50
0.45
0.50
0.51
0.40
0.45
0.40
0.36
0.45
0.50
0.49
0.45
0.35
0.47
0.37
0.48
0.48
0.49
0.49
0.52
0.51
0.53
0.51
0.50
0.53
0.54
0.50
0.42
0.48
0.38
0.42
0.50
0.56
0.41
0.33
0.37
0.49
0.38
0.47
0.42
0.48
0.49

DBF®
6.10

19.11
7.55
7.70

2.87

F2

0.26
0.26
0.27
0.27
0.27
0.25
0.27
0.27
0.21
0.26
0.20
0.23
0.26
0.28
0.27
0.27
0.24
0.27
0.24
0.26
0.26
0.27
0.26
0.28
0.28
0.29
0.30
0.28
0.28
0.30
0.28
0.24
0.28
0.24
0.24
0.29
0.32
0.22
0.19
0.20
0.27
0.22
0.25
0.23
0.25
0.26

DBT/
PHE

0.07
0.07
0.06
0.07
0.08

0.05

VRMPI- 1

0.92
0.92
0.95
1.00
0.99
1.00
1.03
1.00
0.80
0.86
0.83
0.71
0.88
0.97
0.94
0.69
0.72
0.92
0.70
0.95
0.94
0.93
0.96
0.94
1.12
1.01
0.86
1.08
1.03
0.99
1.04
0.80
1.06
0.72
0.79
1.13
0.71
0.65
0.58
0.76
1.07
0.79
0.98
0.77
1.02
1.00
Cas/

CZS
205-
TAS

0.14
0.13
0.13
0.14
0.15

0.16

V-[{TNR-Z

091
0.97
1.11
0.81
0.91
0.96
0.96
0.92
0.83
0.78
0.82
0.77
0.94
0.87
0.82
0.86
0.66
0.94
0.71
0.88
0.86
0.87
0.90
0.95
0.96
0.95
0.86
0.93
0.94
0.97
0.95
0.94
0.89
0.73
0.85
0.87
0.86
0.85
0.74
0.91
0.97
0.95
0.95
0.84
0.98
1.01

(Cao-21)/
Cyoa1 +
Crs-25) TAS
0.16
0.16
0.15
0.17
0.30

0.29

VRypr
0.85
0.92
0.94
1.01
1.01
0.87
0.95
1.06
0.90
0.80
0.75
0.74
0.72
0.90
0.79
0.89
0.67
0.77
0.73
0.84
0.93
1.00
0.87
0.87
0.90
0.89
0.90
0.92
0.90
0.94
0.83
0.88
0.74
0.88
0.80
0.74
0.95
0.61
0.86
0.81
0.67
0.77
0.88
0.75
0.97
0.94

Cao/(Cyo +
Cys (20R))
TAS

0.33
0.31
0.30
0.36
0.57

0.56
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Table S. continued
log log Cye/
(1,2,5-/ (1-/ log [1,7-/(1,3- log (O (Coam ) Cyo/(Cyo +
sample 1,3,6-) 9-) +3,9-+2,10- (Retene/ DBT/  20S- Cyp-a1 + Cyg (20R))
type well depth (m)  TMN MP  +3,10-)] DMP  9-MP) FL® DBT” DBF® PHE TAS Cy_,s) TAS TAS
Y 3x11  6021.00— 0.34 -0.15 —0.43 —1.16 2912 6934 1.54 007 0.8 0.28 0.51
6034.50
Y 3x12  5784.20— 0.09 -0.16 —0.43 —123 4659 5093 247 0.08  0.16 0.26 0.52
5796.00
EOM Y 1-1 581443 -007  —0.19 —0.52 n.d. 5558 21,62 2280 010 0.1 023 0.50
Y1-1 581840 0.14 —-0.13 —0.30 —093 1584 5551 2865 007 015 0.16 0.39
Y1-1 582257 -006  —0.20 —0.53 nd. 5117 2952 1931 011 0.1 0.22 0.47
Y1-1 5839.10 0.60 —-0.14 —0.09 —143 4075  53.67 5.8 0.06  0.12 0.18 0.40
Y] 1-3  5971.20 —006  —0.09 —0.26 —-123 3616 5343 1041 006 013 0.12 027
Y] 1-3  5976.20 -028  —0.11 —0.36 —-087 2654 3886 3460 006 016 0.18 0.36
Y] 1-3  5978.50 0.03 —-0.09 —0.32 -093 2105 5827 2068 008  0.16 0.14 0.33
Y] 1-3 598215 —0.11  —0.08 —0.25 —1.64 2124 2299 5577 005 022 0.12 0.24
Y] 1-3  5987.85 0.41 —-0.09 —0.05 —122 1428 5417 3155 006  0.14 0.15 0.37
Y] 1-3  5988.90 —0.11  —0.08 —0.26 —122 3190 S494 1316 006 016 0.14 0.31
Y] 1-3  5990.50 0.25 —-0.09 —0.08 -130 1423 3464 S112 005 013 0.16 0.36
Y1 5874.50 0.30 —0.14 —0.36 -187 293 90.89  6.19 025 012 0.15 0.30
Y1 5878.10 0.14 —0.15 —-0.39 -094 1601 5824 2575 004 014 0.15 031
Y1 5880.00 0.00 —-0.13 —0.35 -098  3.36 5503 4161 004  0.14 0.15 0.32
Y1 5886.50 0.31 -0.14 —0.37 -093 1689 6800 1512 004 014 0.16 0.33
Y2 5998.00 0.16 —-0.07 —-0.31 —072 1448 31.09 5443 004 014 0.12 0.25
Y2 6000.60 -031  —013 —0.40 -124 525 9295  1.79 0.04 0.3 0.21 0.38
Y2 6002.00 —0.07 —0.12 —0.40 —-1.13 1487 5666 2847 005 017 0.16 0.32
Y2 6004.28 —0.03  —0.12 —0.33 —1.08 1371 4338 4291 007 039 0.32 0.60
Y2 6004.45 -021  —0.14 —0.40 -146 699 89.84  3.17 005 0.7 0.43 0.66
Y2 6004.50 —004 —0.14 —0.41 -1.08 1393 6681 1925 006  0.17 0.15 0.34
Y3 5615.50 -0.18  —0.13 —0.40 —-133 1786 5340 2874 006 021 0.23 0.48
Y3 5619.00 0.31 —-0.12 —-0.34 -134  7.09 9126 165 005 0.3 0.15 0.33
Y6 6027.40 0.08 -0.15 —0.32 —077 2849 6651  5.00 005 021 0.09 0.19
Y6 6028.50 -037 —0.16 —0.35 -143 966 8631  4.02 005 0.1 0.14 031
Y6 6033.20 0.20 —0.14 —0.18 —1.17 1007 3443 5550 005  0.15 0.16 0.38
Y6 6034.00 0.06 -0.07 —-0.24 —0.56  12.55 4526 4219 005 025 0.09 0.19
Y6 6035.00 -039  —0.11 —0.36 -120  8.02 8840  3.58 005 0.3 0.12 0.25
Y7 6099.80 0.05 0.00 —0.22 -082 1173 4076 4751 005 032 0.33 0.61
Y8 6043.20 0.22 —-0.35 nd. n.d. 1820 1807 6373 006  0.14 0.07 0.19
Y8 6045.00 0.30 —0.24 —0.45 —145 671 7254 2074 009 031 0.11 0.28
YJ 12 578540 0.39 -021 —-0.36 -122 3871 5726  4.02 007  0.14 0.22 0.45
Y] 14 5517.50 —046  —0.13 —0.43 —097 3262 4844 1894 006 034 0.14 0.31
YJ 15 5780.00 0.21 -0.16 —0.27 —146 2173 7228 599 006 0.3 0.15 0.35
Y 301  5542.40 0.10 -0.15 —0.46 -1.16 2636 69.76  3.88 006 0.3 0.19 0.42
Y] 302 5651.00 0.50 -0.15 —0.17 —145 4322 5063 6.14 005  0.14 0.24 0.51
Y] 303 5741.00 0.10 -0.16 —0.45 -1.19 1478 8270  2.52 007 0.3 0.21 0.44
Y 3x17  $722.50 0.00 -0.16 —0.41 —120 1803  79.53 245 007 017 0.16 0.37

“TMN, trimethylnaphthalene; MP, methylphenanthrene; DMP, dimethylphenanthrene; TAS, triaromatic steroid; TNR-2 = (2,3,6- + 1,3,7-TMN)/
(1,4,6- + 1,3,5- + 1,3,6-TMN); MDR = 4-MDBT/1-MDBT; MPI-1 = 1.5 X (3- + 2-MP)/(P + 9- + 1-MP); MNR = 2-MN/1-MN; F1 = (3- + 2-
MP)/(2- + 3- + 1- + 9-MP); F2 = (2-MP)/(2- + 3- + 1- + 9-MP); VRypr; = 0.60 X MPI-1 + 0.40;VR g » = 0.60 X TNR-2 + 0.40; VRypr = 0.073
X MDR + 0.51; FL, fluorene; DBT, dibenzothiophene; DBF, dibenzofurane; FL (%) = 100 X FL/(FL + DBT + DBF), DBT (%) and DBF (%)
obtained via similar calculation). “Normalized concentrations of FL, DBT, and DBF (%).

a complete homologous series of 25-norhopanes indicates
severe biodegradation with ranks >4.”” Actually, 25-norhopanes
can appear in only slightly biodegraded or nonbiodegraded oils
that are predominated by acyclic isoprenoids and n-alkanes in
saturated hydrocarbons. This phenomenon is generally
interpreted as oils are mixtures of biodegraded with non-
degraded oil during accumulation in reservoirs.”” Additionally,
25-norhopanes can also be observed in sediments where OM is
immature and n-alkanes predominate in saturated hydrocarbon
fraction.”” This complexity suggests that the 25-norhopanes
should be used with caution when assessing biodegradation

2751

scales. Combined with the above-mentioned evidence, the OM
degradation can be assessed at a scale of 3 to 4 for the most
studied samples. Although the crude oil in the study area is
subject to biodegradation, this has a limited influence on the
parameters selected for oil-source comparison.

5.5. Potential Origins. The Jurassic source rocks typically
feature low Tri and Gamm abundances as well as few
concentrations of f-carotan with predominant C,, steranes in
aliphatic hydrocarbons (e.g, refs 22,100).

Regarding aromatic compounds, the Jurassic source rocks are
characterized by the dominance of naphthalene and its alkylated

https://doi.org/10.1021/acsomega.4c08477
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Figure 8. Representative mass chromatograms of (a, b) the triaromatic steroids (m/z 231) and of (c, d) the methyl-triaromatic steroids and dino-TAS
(m/z 245) (figures on the left represent the oil sample from the Y 301 well, and those on the right represent the EOM sample from the YJ 1—3 well).
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Table 6. Stable Organic Carbon Isotope Compositions of the Oil and EOM Samples from the Qigu Formation in the Yongjin Area
of the Junggar Basin, China

well

Y1
Y1
Y1
Y 1-pl
Y3
Y3
Y 3-cpl
Y6
Y6
Y9
Y] 303
Y] 304C
Y1
Y1
Y1
Y1
Y2
Y2
Y2
Y6
Y8
Y8

sample type
oil

EOM

depth (m)
5873.40—5888.10
5873.40—5888.10
5873.40—5888.10
6152.00—6170.60
5609.60—5619.90
5609.60—5619.90
5775.85—6110.80
5858.40—5869.70
5858.40—5869.70
5914.00—5916.00
5738.20—5752.80
6434.00—6443.20
5874.50
5878.10
5880.00
5886.50
5998.00
6002.00
6004.50
6034.00
6043.20
6045.00

before fractionation

8Cqi/e0m (%0PDB)

—30.2
—30.1
—30.7
—29.5
—30.0
—30.1
—29.7
=314
—31.8
—30.2
—28.4
—29.2
—30.1
—30.2
-30.3
-30.4
—28.9
—29.3
—29.6
-31.3
—29.9
-30.3

6"Cgy (%0PDB)

=31.1
-31.0
=31.1
—30.2
—30.4
-31.0
—29.7
-31.9
—-32.2
—30.5
—29.8
—30.1
=31.1
—31.0
—30.9
-31.1
—29.8
—29.8
—29.9
—31.8
-31.9
—30.5

components of after fractionation

6"Cpo (%0PDB)

—28.8
-29.5
—289
—29.2
—28.7
—29.6
-28.5
=309
-31.6
-29.3
—28.2
—28.8
—29.7
-29.6
—29.2
-29.5
—27.8
—28.4
-283
-30.7
-29.5
—29.8

5" Cres (%0PDB)

—29.2
—29.0
—29.0
—294
—28.4
—28.9
—28.9
—30.0
—30.2
—29.1
—-29.1
—29.2
—-29.3
—29.0
—28.7
—28.3
—27.6
=27.7
—27.9
—294
—29.8
—30.1

8°Cpp (%0PDB)
-29.6
-29.7
-29.9
-30.1
-29.6
-29.7
-29.5
-30.8
-31.0
—-30.0
-29.5
-29.7
-28.6
—-28.8
—-28.8
-28.1
—284
-282
-29.1
-30.8
-29.0
-29.5

analogues, as well as abundant polycyclic compounds,*
alongside higher abundances of C,; 20S TAS.”” These
characteristics markedly differ from those of the oil and EOM
samples from the Qigu reservoirs. The §°C values for the

studied oil and EOM samples also rule out the possibility that
the oils were sourced from the Jurassic source rocks.
Both the Fengcheng and lower Wuerhe source rocks were

deposited in alkaline paleolakes, developing similar composi-
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tions and characteristics in organic geochemistry (Figure 6;
Table 3). Nevertheless, there are still some discernible
differences between them. Due to the high thermal maturity
of the source rocks from the ZS 101 well, most organic
geochemical parameters are invalid, so published data with

appropriate thermal maturity used for oil and source correlation
were collected. The ratios of Pr/n-C,; of <0.5 and Ph/n-C,g of
<0.5 can be observed in both the Jurassic Qigu and lower
Wuerhe samples but not in the Fengcheng samples (Figure 20a).
In addition, the Fengcheng samples generally have lower Pr/Ph
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values than the lower Wuerhe samples as well as the studied
EOM and oil samples, which aligns with observations in other
studies (e.g., ref 101) and in the source rocks of the ZS 101 well
(Figure 18). Hopanoids/steranes ratios are also completely
different between the Fengcheng Fm. (<1.0) and the lower

Wuerhe Fm. (>1.0),'”" which indicates the studied oils and

EOMs

are more likely to have been generated from the lower

Whuerhe Fm. (Figure 21a). Moreover, the lower Wuerhe source
rocks and the studied oil and EOM samples are characterized by

higher
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C,0/Cy3 Tri ratios, while the C,y/C,; Tri ratios are lower
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in the Fengcheng source rocks (Figure 21a). Furthermore, the /-
carotane/n-C,,, ratios in the Fengcheng Fm. are generally
greater than 0.1, but some of them are smaller than 0.1 for the
samples from the lower Wuerhe Fm. as well as the studied EOM
and oil samples (Figure 21b). Steranes can also be used to
distinguish the source rocks from the lower Wuerhe Fm. and
Fengcheng Fm. and used to correlate oil and source. The too low
C,s steranes concentrations (<10%) in the normalized
concentrations of Cy;, Cyg and C,, steranes can be observed
only in some Fengcheng source rocks (Figure 22), which
contrast markedly with the studied oil and EOM samples, and
the C,,/C,g sterane ratios of >0.4 are more abundant in the
lower Wuerhe source rocks and the studied oils and EOMs
(Figure 21b).

In summary, the oil and EOM samples investigated herein
exhibit characteristics more closely aligned with the OM in the
lower Wuerhe source rocks. Although the geochemical
characteristics of the source rocks from the lower Wuerhe and
Fengcheng Fm. exhibit some different trends based on the data
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analysis (more than 1000 data), there are overlapping
geochemical characteristics in the source rocks of these two
formations, so the possibility that the Jurassic oils generated
from the Fengcheng Fm. cannot be completely ruled out in the
Yongjin area.

6. CONCLUSIONS

The geochemical investigation involved detailed molecular and
isotope characteristics analyses on 14 oils, 49 extractable organic
matter (EOM) from sandstones, and 13 source rock samples
was performed on a major, yet understudied, oil field trapped in
the Upper Jurassic Qigu Formation (Fm.) in the Yongjin area.
The study revealed that a singular oil group is trapped in the
Qigu Fm. in the studied area, as evidenced by the similar
geochemical characteristics observed in both the oil and EOM
samples. The thermal maturity of the organic matter (OM) is
mainly in the oil window, and the degradation scales of the OM
range between 3 and 4 for the studied oils and EOM samples.
These oil and EOM samples are typically generated from
lacustrine source rocks with minimal variations in the lithology.
Additionally, the related source rocks were likely deposited in a
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Junggar Basin, China.
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hypersaline environment. The origins of OM are mainly from and dinoflagellates), with little contribution from terrestrial
abundant bacteria and algae (e.g., methanogens, cyanobacteria, higher plants. A stark contrast in geochemical characteristics was
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observed between the Jurassic Badaowan coal-bearing source
rocks and the Permian source rocks, making it highly improbable
that the Jurassic Qigu oils originated from the Jurassic source
rocks. The Permian strata in the Yongjin region are buried more
than 7000 m, so the OM in the Permian source rocks provides
limited organic geochemical characteristics because of the high
thermal maturity stage of the OM. Although there are some
similarities in the OM origins and depositional environments of
the Fengcheng and lower Wuerhe source rocks, subtle
compositional differences, as indicated by the Permian source
rocks in this study and over 1000 published data, suggest that the
oils trapped in the Qigu reservoirs are most likely generated from
the lower Wuerhe source rocks.
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