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A B S T R A C T

The discovery of natural gas trapped in the late Neogene Shizigou Formation in the Yikeyawuru anticline in-
dicates the potential for additional microbial gas reservoirs outside of the primary exploration targets for mi-
crobial gas in the younger, i.e., the Pleistocene sediments of the Qaidam Basin. In this study, a detailed
investigation is presented on the bulk geochemistry and organic petrography of the potential microbial source
rocks as well as on molecular organic geochemistry of the solvent extracts obtained from the late Neogene
Shizigou Formation of the Yiliping Depression. The objectives are to elucidate i) the depositional environment, ii)
biological sources of organic matter (OM), and iii) biodegradation levels in these microbial gas source rocks.

The samples from the well situated at the center of the Yiliping Depression (the H 1 well) exhibit minor
variations in total organic carbon (TOC) and total sulfur contents, whereas the samples from the well located at
the margin of the depression (the Y 3 well) show large variations in these values. All these samples are presently
thermally immature. The kerogen of the TOC-rich Y 3 well samples is mainly composed of mixed types II–III
kerogen and characterized by a complex maceral composition (i.e., a mixture of large fragments of huminite,
semifusinite, fusinite, resinite/fluorinite, lamalginite, and liptodetrinite). In contrast, samples from the H 1 well
contain typically type III kerogen with a less complex maceral composition consisting of huminite, lamalginite,
and liptodetrinite. The molecular data illustrates that the OM is predominantly derived from bacterial and algal
biomass as well as aquatic higher plants (primarily in the Y 3 well samples), while angiosperms are the primary
source of the subordinate terrestrial OM in the samples. The marginal area is characterized by salinity levels akin
to normal marine conditions with bottom-water paleoredox conditions ranging from dyoxic (samples with high
TOC content) to oxic, whereas the central area developed a mesosaline environment with oxic bottom-water
conditions prevailing. In contrast to the primary microbial gas producing layer, the Pleistocene Qigequan For-
mation, the late Neogene Shizigou Formation exhibits a higher contribution of emergent macrophytes but a
reduced abundance of lower aquatic organisms in the OM as well as a higher salinity level in the water column.
Despite the late Neogene Shizigou Formation demonstrating a lower potential for hydrocarbon generation and a
lower degree of biodegradation of OM than the Qigequan Formation, it still shows generally favorable geological
and geochemical conditions that are conducive to the development of microbial gas reservoirs, which is
underscored by the biodegradation levels between 3 and 4 for the studied samples.
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1. Introduction

While marine source rocks contribute most to the Earth's petroleum
resources, lacustrine source rocks play also a significant role in the
global carbon cycle and generate a considerable volume of hydrocar-
bons (e.g., Demaison and Huizinga, 1991; Carroll and Wartes, 2003;
Qiao et al., 2023). Furthermore, some of the most organic matter (OM)
rich sedimentary units in terms of total organic carbon (TOC) content
and thickness are of lacustrine origin (Demaison and Huizinga, 1991;
Carroll and Wartes, 2003). However, lacustrine settings present greater
complexity compared to marine settings attributable to the diverse or-
igins of OM and variations in water environments (e.g., salinity and
redox conditions) (Scott et al., 2012; Goodarzi, 2020a). Notably, alka-
line lacustrine sediments have attracted increasing attention due to their
distinctive features, such as high hydrocarbon generation potential, high
organic sulfur content, and lower thermal maturity for the onset of hy-
drocarbon generation compared to sediments from freshwater lacustrine
settings (e.g., Rippen et al., 2013; Luo et al., 2018; Cichon-Pupienis
et al., 2021; Qiao et al., 2023; Xiao et al., 2024). Of particular signifi-
cance is the largest commercial Quaternary accumulation of microbial
gas worldwide, which is generated and trapped in saline-hypersaline
sediments in the Qaidam Basin in China (Qiao et al., 2021a and
2022). Microbial gas is typically generated by the bio-degradation of OM
in sediments at low temperatures (up to 75 ◦C), but the optimum seems
to be about 35–50 ◦C (Rice and Claypool, 1981; Katz, 2011). The burial
depth at which microbial gas is generated is affected by various sedi-
mentological and physicochemical conditions (e.g., nutrient supply,
availability of degradable OM). Generally, the greatest proportion of

microbial gas production occurs at depths of about 1 km and the deepest
microbial gas has been documented occurring as deep as 3.35 km (Rice
and Claypool, 1981). These conditions required for the formation of
microbial gas mean that its reservoirs are limited with respect to their
depth range. Future exploration efforts may be focused on strata with
similar burial depths to the Qigequan Formation to discover more mi-
crobial gas reservoirs.

In the Qaidam Basin, a large alkaline paleo-lake developed during
the Neogene and Pleistocene epochs in which extensive alkaline lacus-
trine sediments were deposited (Song et al., 2022). The primary focus of
microbial gas exploration lies within the Pleistocene Qigequan Forma-
tion, renowned for its considerable thickness (the maximum thickness
exceeding 2 km; Fig. 1c and d) (e.g., Pang et al., 2005; Qiao et al.,
2021a). However, the depth constraint for the occurrence of microbial
gas in the Qaidam Basin is not yet known. Additionally, the potential
existence of large microbial gas fields in the late Neogene Shizigou
Formation, which underlies the Qigequan Formation warrants further
investigation. The late Neogene Shizigou Formation is buried too deeply
in the main producing area of the Qigequan Formation, the Sanhu
Depression, making it unfavorable for the generation of microbial gas
(Qiao et al., 2021a; Fig. 1c and d). However, in the western Qaidam
Basin, the Shizigou Formation is buried at a shallower depth (shallower
than 2 km; Fig. 1c and d), offering a promising new prospect for gas
exploration in the basin.

It is an important objective to expand microbial gas exploration in
the Qaidam Basin by assessing whether the late Neogene Shizigou For-
mation possesses the requisite conditions for microbial gas generation.
In comparison to the margins of the basin where the lithology is mainly

Fig. 1. (a) Schematic map showing the location of the Qaidam Basin in China, (b) its geological setting and sample well locations, as well as (c) SW-NE (modified
after Zhou et al., 2006) and (d) NW-SE (modified after Qiu et al., 2003) transects. Note: The stratigraphic information in c and d is shown more accurately in Fig. 2.
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composed of sandstone, glutenite, and conglomerate, the Yiliping
Depression, situated at the depocenter of the Shizigou Formation (as
shown in Fig. 1a), is deemed to be more conducive to the generation and
accumulation of microbial gas based on the core lithology (Fig. 2) (Song
et al., 2022). In the Yiliping Depression, the evidence of active meth-
anobacteria in the late Neogene Shizigou Formation within the H 1 well
(Liu et al., 2011), as well as the discovery of trapped microbial gas in the
late Neogene Shizigou Formation of the Yikeyawuru anticline near the Y
3 well (shown in Fig. 1a), strongly suggest that the exploration target for
microbial gas could potentially be expanded to the late Neogene Shizi-
gou Formation. However, one fundamental issue that arises in exploring
the Shizigou sediments lies in the lack of any detailed geochemical
characterization compared to the Pleistocene exploration system.

Thus, this investigation focuses on interpreting new elemental
analysis, programmed open-system pyrolysis, as well as molecular
organic geochemical, and petrographic data on the Shizigou sediments,
which were sampled from the H 1 and Y 3 wells in the Yiliping
Depression. The goal is to furnish comprehensive information on the
quality and quantity of OM, depositional environment, kerogen type,
and the related evidence of microbial gas generation. Such insights are
crucial for identifying potential areas conducive to microbial gas dis-
covery and subsequent exploration efforts.

2. Geological setting

The Qaidam Basin is a rhomb-shaped intermontane basin, encom-
passing an area of approximately 12 × 104 km2 (Jian et al., 2013). It is
also the largest basin in the Qinghai-Tibetan Plateau, with altitudes
ranging from 2.7 to 3.5 km above sea level (Jian et al., 2013). Since the
Oligocene epoch, the Qaidam Basin has predominantly existed as an
intermontane basin within a relatively enclosed system, delineated from
the surrounding mountain ranges with elevations ranging from 4 to over
5 km by large-scale faults (Pang et al., 2005; Jian et al., 2013). These
encompass the Eastern Kunlun Mountains to the southwest (SW), the
Qilian Mountains to the northeast (NE), and the Altyn Tagh Range to the
northwest (NW) (Fig. 1a; Tapponnier et al., 2001; Qiao et al., 2021a and
2022).

The formation of the basin, situated at the northeastern edge of the
plateau, ensued from the convergent dynamics of the plateau
(Tapponnier et al., 2001). The Mesozoic tectonic evolution of the basin
was influenced by the movements and collisions of the Meso-Tethys,
Neo-Tethys and Mongol-Okhotsk Ocean blocks (Gehrels et al., 2011).
Throughout the Cenozoic era, the tectonic evolution of the basin was
shaped by the Qinghai-Tibetan Plateau elevation and the collision be-
tween the Indian and Eurasian plates (Harrison et al., 1992; Tapponnier
et al., 2001; Royden et al., 2008). A Mesozoic-Cenozoic sedimentary
succession, ranging in thickness from 3 to 16 km, was developed above
the basement comprising pre-Mesozoic metamorphic and igneous rocks.
In certain regions, the Cenozoic sediments attain a maximum thickness
of 12 km (Fig. 1b and c) (Pang et al., 2005; Jian et al., 2013). The
Qaidam Basin developed terrestrial coal-bearing strata during the
Jurassic epoch (Huang et al., 2022; Wu et al., 2022; Liu et al., 2023a).
Since the Eocene epoch, the sediments were deposited under fluvial and
lake facies and almost continuously penetrated most areas of the basin,
primarily derived from the surrounding mountains (Heermance et al.,
2013).

The Qaidam Basin consists of four primary structural units, namely
the North Qaidam Uplift, the Yiliping Depression, and the West Qaidam
Uplift from east to west in the north part as well as the Sanhu Depression
in the south of the basin (Fig. 1a). The Yiliping Depression spans an area
of approximately 7.3 × 104 km2. Most anticlines, such as the Yikeya-
wuru Anticline, exhibit a NW-SE (southeast) orientation due to the joint
action of the Altun Mountains left-lateral strike-slip fault and the Qilian
Mountains fold-thrust (Gong et al., 2023). The late Neogene Shizigou
Formation in the Yiliping Depression is composed of mudstone, sandy
mudstone, and argillaceous siltstone, as well as occasional black

argillaceous limestone (Fig. 2).

3. Samples and methods

3.1. Sample preparation

In this study, a total of 68 samples of the late Neogene Shizigou
Formation were gathered from two wells. Among them, nine samples
were obtained from the H 1 well with depths ranging from 1507 to 1919
m and 59 samples from the Y 3 well with depths ranging from 1106 to
1390 m. Each sample was divided into two aliquots. The first part was
pulverized into a fine powder using a disc mill, with analysis of
elemental composition and programmed open-system pyrolysis per-
formed on particles smaller than 120 mesh, and solvent extraction on
particles smaller than 80 mesh. The second aliquot was prepared as a
polished section for microscopic investigations. The polished sections
are basically prepared following the international standard “Methods for
the petrographic analysis of coals – Part 2: methods of preparing coal
samples” (ISO 7404-2, 2009), which was originally established for the
preparation of coal samples. First, rock pieces were cut perpendicular to
the bedding with a size of approximately 3–5 cm2. Second, the rock
pieces were placed into molds and epoxy resin was slowly poured
around them. Third, the samples were left at room temperature for a few
days until the bubbles disappeared, and the epoxy hardened. Fourth the
samples were buffed using 300-, 600-, and 1200-grit sandpaper in
sequence, followed by sequentially polishing with aluminium oxide and
0.05 μm polishing liquid using a polisher cloth (EcoMet 250-AutoMet
250). Finally, the sections were washed with deionized water and air-
dried for use.

3.2. Elemental analysis

The TOC and total sulfur (TS) contents were measured using a Leco
CS-230 (USA). Prior to measurement, the aliquots were digested with a
mixed solvent of hydrochloric acid (HCl) and deionized water (in a 1:7
ratio by volume) at a temperature below 80 ◦C for a minimum of 2 h to
remove carbonates. The treated samples were then washed with
deionized water to neutralize the pH. Approximately 1.0 g of the dried
powders were used for the measurements by recording the amounts of
CO2 and SO2, using a non-dispersive infrared detector.

3.3. Programmed open-system pyrolysis

Programmed open-system pyrolysis was conducted using a Wildcat
Technologies Hydrocarbon Analyzer workstation (HAWK) (Houston,
USA). Approximately 50 mg were placed in the autosampler tray of the
instrument.

The pyrolysis was carried out in an inert nitrogen atmosphere, with
an isothermal temperature set at 300 ◦C for 3 min to release the S1
fraction (quantity of free and sorbed hydrocarbon, mg HC/g rock),
which is followed by a ramp stage of heating the oven to 650 ◦C at a rate
of 25◦ per minute to measure the S2 fraction (generated hydrocarbon,
mg HC/g rock). The S3 fraction (oxygen-containing organic carbon
released from kerogen thermal breakdown, mg CO2/g rock) is also
recorded by measuring the amount of CO2.

Before the first sample and after every 20 samples, one standard and
one blank sample were measured.

3.4. Organic petrography

The maceral group “vitrinite” only occurs from the bituminous coal
stage onward strictly speaking, as its glass-like appearance (derived
from the Greek word “vitros,” meaning glass) is not present at lower
thermal maturities. Therefore, coal petrologists prefer to use the term
“huminite” for earlier diagenetic stages. However, in geology and the
petroleum industry—where vitrinite reflectance is commonly
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Fig. 2. (a) Generalized stratigraphic column for the Qaidam Basin and (b) the detailed stratigraphic column in the H 1 well.
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utilized—the term “huminite” is less recognized. Actually, the vitrinite
and huminite systems have been correlated, allowing the two systems to
be used in parallel down to the level of sub-maceral groups (Sýkorová
et al., 2005). To avoid confusion, we use “huminite” when referring to
the maceral group, and “huminite/vitrinite reflectance (VRr)” when
discussing reflectance. A Leica DM4500P microscope (Germany)
equipped with a CRAIC microscope photometer, which is operated with
DISKUS Fossil software (Hilgers) both in reflected white light (halogen)
and in an ultraviolet (UV) fluorescence irradiation at a magnification of
500 × (50 × oil immersion objective) was utilized to determine maceral
composition and measure VRr. A filter BV-2A (EX 420/40; DM 455; BA
460) was used for fluorescence microscopy. Reflected and fluorescence
light modes were used to observe macerals of inertinite and huminite as
well as liptinite groups, respectively. The VRr was measured using a
microscope photometer (MPV-SP) at a wavelength of 546 nm with at
least 50 randomly oriented huminite particles measured for each sample
whenever possible, according to ISO 7404–5:, 2009. The equipment was
calibrated before each measurement with a standard of known reflec-
tance (LEUKO–SAPHIR, 0.589%). The classification and identification of
macerals followed the nomenclature of the ICCP system (ICCP, 1998;
ICCP, 2001; ISO 7404-3, 2009; Pickel et al., 2017; Gonçalves et al.,
2024).

3.5. Molecular analysis

3.5.1. Extraction and fractionation
In this study, a Soxhlet extractor was used to extract bitumen due to

rather low TOC contents in the studied samples. Approximately 80–120
g of powdered samples were extracted based on the S1 values in the
samples. The extraction was performed using dichloromethane (DCM)
and the removal of elemental sulfur was achieved by adding copper
powder to the extracts.

The extracts were separated into four fractions. Asphaltene was
precipitated via a settlement of the extracts solved with n-hexane for
over 12 h. The remaining three fractions including aliphatic hydrocar-
bons, aromatic hydrocarbons and NSO (nitrogen-, sulfur-, and oxygen-
containing) components were washed with eluents of different polar-
ity 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.

3.5.2. GC–MS analyses
The analyses of aliphatic and aromatic hydrocarbon fractions were

performed by gas chromatography (GC)-mass spectrometry (MS) on an
Agilent 6890 (GC) linked to a 5975i mass selective detector (MS) and an
Agilent 7890B (GC) linked to a 5977A (MS), respectively. Carrier gas
used was helium with a velocity of 1 mL/min.

The MS conditions are the same for the analyses of aliphatic and
aromatic hydrocarbon fractions. The MS was operated in electron ioni-
zation (EI+) mode with an ionization energy of 70 eV and a source
temperature of 230 ◦C in full scan mode. HP-5MS fused silica capillary
columns of 30 m and 60 m in length with 0.25 mm ID (inner diameter)
were used. The GC conditions for analyses of both hydrocarbon fractions
were set to 300 ◦C injector temperature with 1 μL spitless injections.

The GC oven temperature used for analyzing aliphatic hydrocarbon
fractions was initially set at 50 ◦C with an isothermal hold time of 1 min.
Subsequently, the temperature was ramped up to 100 ◦C at a rate of 20
◦C/min, followed by a further increase to 310 ◦C at a rate of 3 ◦C/min,
with a final hold time of 10 min. The GC oven temperature used for
analyzing aromatic hydrocarbon fractions was set at 80 ◦C with an
isothermal hold time of 1 min. This was followed by a ramp up to 310 ◦C
at a rate of 3 ◦C/min, with a final hold time of 25 min.

The calculated biomarker parameters in question were established
on the basis of the peak areas of specific ion chromatograms. The
identification of each compound was carried out through a meticulous
comparison of elution sequences in comparison to published literature

(e.g., Luo et al., 2018; Grohmann et al., 2019; Zheng et al., 2022; Wu
et al., 2023).

4. Results

4.1. Elemental composition

TOC contents in the samples obtained from the Y 3 well range be-
tween 0.02 and 7.35% with an average value of 0.64% and TS contents
between 0.00 and 6.35%, averaging at 0.50%. In contrast, both TOC and
TS contents measured in the samples from the H 1 well show little
variation with TOC contents of 0.25–0.35% (avg. 0.29%) and TS con-
tents of 0.23–1.10% (0.57% on average). The TOC/TS ratios for the Y 3
well and H 1 well are 0.08–16.57 (3.26 on average) and 0.24–1.22 (avg.
0.70), respectively (Table 1).

4.2. Programmed open-system pyrolysis

The results of programmed open-system pyrolysis are presented in
Table 1. For the samples from the H 1 well, S1 and S2 values are
0.03–0.07 (0.05 on average) and 0.13–0.17 (0.15 on average) mg HC/g
rock, respectively. The values of these two parameters are similar to the
Pleistocene samples from the same well (Qiao et al., 2021a). S3 values
vary from 0.26 to 0.42 mg CO2/g rock with an average value of 0.36 mg
CO2/g rock. Hydrogen index (HI = S2/TOC) and oxygen index (OI = S3/
TOC) values are 42–64 (avg. 53) mg HC/g TOC and 99–171 (avg. 127)
mg CO2/g TOC, respectively. The programmed open-system pyrolysis
data for the Y 3 well exhibit larger variation in comparison to the data of
the H 1 well. For the samples from the Y 3 well, S1 and S2 values are
0.03–0.76 (avg. 0.09 mg HC/g rock) and 0.04–9.08 (avg. 0.80 mg HC/g
rock), respectively. S3 values range from 0.22 to 2.08 (0.55 mg CO2/g
rock on average). HI value varies between 20 and 209 mg HC/g TOC (90
mg HC/g TOC on average) and OI between 18 and 1792 mg CO2/g TOC
(avg. 360 mg CO2/g TOC). Tmax (temperature of maximum pyrolysis
yield) values vary in the samples from the H 1 well ranging between 393
and 439 ◦C (424 ◦C on average). In contrast, the samples from the Y 3
well show minor variations in Tmax, ranging from 408 to 421 ◦C, with an
average of 415 ◦C.

4.3. Organic petrography

A small number of the samples with high TOC content (1.65–7.35%)
from the Y 3 well, such as Y3–18, Y3–27, Y3–36 and Y3–44, exhibit
numerous autochthonous huminite particles. The huminite particles
show a dark-grey color, particularly ulminite (Fig. 3a, b, and g), with
varying shapes observed (Fig. 3a-c). These huminite particles can be
observed as i) massive huminite mixed with resinite (Fig. 3f and g), ii)
massive and homogeneous huminite (Fig. 3 a, b, and c). By contrast, the
samples with low TOC content show detrital huminite with areas smaller
than 50 μm2 (Fig. 3d and e). The VRr values measured range between
0.18 and 0.39% with standard deviations ranging between 0.03 and
0.08 (Table 1). Considering the range of the VRr and low fluorescence
intensity in ulminite (Fig. 3g), ulminite can be further classified as
ulminite B, partly grading into bituminite. Moreover, large semifusinite
(Fig. 3b) and fusinite (Fig. 3c), two types of inertinite maceral group, can
be observed in some samples with high TOC content. In the case of
samples with high TOC content from the Y 3 well, liptinite appears
mainly as resinite (Fig. 3f-h) and sporinite (Fig. 3h) with very rare
telalginite and liptodetrinite (Fig. 3g and h). Comparatively, liptinite
composition in the samples from the H 1 well and samples from the Y 3
well with low TOC content is simple and primarily composed of lipto-
detrinite and planar lamalginites (Fig. 3i). Pyrite is abundant in the
samples with high TOC content from the Y 3 well, occurring as assem-
blages of framboidal pyrites or euhedral crystals (Fig. 3a, b, and c). In
the samples with low TOC content, only euhedral crystal pyrite can be
observed with rare abundance (Fig. 3d and e). It should be emphasized
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Table 1
Measured results of TOC content (wt%), TS content (wt%) and programmed open-system pyrolysis for the sediments from the Shizigou Formation in the Yiliping Depression, Qaidam Basin, China. x

̲
= average value, Std=

standard deviation, n = number of VRr measured.

Well Sample ID Depth (m) TOC (wt%) TS (wt%) VRr (%) Programmed open-system pyrolysis data

x
̲ Std. n Tmax (◦C) S1 (mg HC/g rock) S2 (mg HC/g rock) S3 (mg CO2/g rock) HI (mg HC/g TOC/g) OI (mg CO2/g TOC) (S1 + S2)/TOC S2/S3

Y 3

Y3–1 1106.20 0.22 0.04 n.d. n.d. n.d. 429 0.06 0.12 0.84 56 391 0.82 0.14
Y3–4 1110.20 0.05 0.00 n.d. n.d. n.d. 411 0.04 0.04 0.70 82 1429 1.60 0.06
Y3–5 1113.50 0.28 0.38 0.21 0.04 51 427 0.06 0.35 0.63 125 226 1.46 0.56
Y3–6 1114.60 0.10 0.05 n.d. n.d. n.d. 432 0.03 0.09 0.75 90 750 1.20 0.12
Y3–7 1116.74 0.06 0.00 n.d. n.d. n.d. 439 0.03 0.07 0.32 121 552 1.67 0.22
Y3–8 1118.90 0.05 0.01 n.d. n.d. n.d. 426 0.04 0.07 0.42 152 913 2.20 0.17
Y3–10 1121.55 0.08 0.01 n.d. n.d. n.d. 427 0.03 0.06 0.48 72 578 1.13 0.13
Y3–18-917 1122.60 0.98 1.23 n.d. n.d. n.d. 432 0.09 1.35 0.44 138 45 1.47 3.07
Y3–11 1122.60 0.11 1.33 n.d. n.d. n.d. 417 0.03 0.08 0.54 72 486 1.00 0.15
Y3–12 1124.80 0.16 1.00 n.d. n.d. n.d. 414 0.06 0.13 0.50 82 314 1.19 0.26
Y3–13 1125.50 0.24 0.41 n.d. n.d. n.d. 428 0.05 0.19 0.86 78 354 1.00 0.22
Y3–18-918 1126.10 0.31 0.16 n.d. n.d. n.d. 429 0.05 0.17 0.41 55 133 0.71 0.41
Y3–14 1126.70 0.08 0.28 n.d. n.d. n.d. 412 0.03 0.08 0.59 98 720 1.38 0.14
Y3–15 1127.63 0.04 0.18 n.d. n.d. n.d. 416 0.03 0.06 0.61 143 1452 2.25 0.10
Y3–16 1129.00 0.34 0.33 n.d. n.d. n.d. 431 0.05 0.35 0.60 102 175 1.18 0.58
Y3–17 1130.30 0.04 0.00 n.d. n.d. n.d. 426 0.03 0.04 0.41 105 1079 1.75 0.10
Y3–18 1131.72 1.65 1.13 0.28 0.07 56 429 0.13 2.95 0.94 179 57 1.87 3.14
Y3–19 1131.80 3.79 6.35 0.29 0.03 68 428 0.19 6.22 1.84 164 49 1.69 3.38
Y3–20 1132.00 0.32 1.01 n.d. n.d. n.d. 417 0.05 0.24 0.65 74 201 0.91 0.37
Y3–21 1132.95 0.02 0.15 n.d. n.d. n.d. 422 0.03 0.05 0.43 208 1792 4.00 0.12
Y3–22 1134.66 0.04 0.08 n.d. n.d. n.d. 393 0.04 0.06 0.47 143 1119 2.50 0.13
Y3–23 1360.15 0.07 0.44 n.d. n.d. n.d. 422 0.03 0.05 0.59 68 797 1.14 0.08
Y3–24 1361.40 0.24 0.42 n.d. n.d. n.d. 421 0.03 0.05 0.66 20 270 0.33 0.08
Y3–25 1362.60 0.02 0.01 n.d. n.d. n.d. 413 0.05 0.04 0.25 167 1042 4.50 0.16
Y3–26 1363.50 0.99 0.24 n.d. n.d. n.d. 429 0.06 0.58 0.48 59 49 0.65 1.21
Y3–27 1364.68 1.31 0.55 0.39 0.04 53 423 0.09 0.56 0.87 43 66 0.50 0.64
Y3–28 1365.00 0.07 0.39 n.d. n.d. n.d. 416 0.04 0.05 0.82 74 1206 1.29 0.06
Y3–29 1365.10 0.35 0.05 n.d. n.d. n.d. 428 0.09 0.27 0.47 78 136 1.03 0.57
Y3–30 1366.40 0.09 0.01 n.d. n.d. n.d. 437 0.05 0.08 0.55 92 632 1.44 0.15
Y3–31 1367.00 0.25 0.35 n.d. n.d. n.d. 429 0.03 0.19 0.38 76 152 0.88 0.50
Y3–32 1367.50 0.28 0.74 n.d. n.d. n.d. 428 0.04 0.20 0.39 72 141 0.86 0.51
Y3–33 1368.40 0.29 0.30 n.d. n.d. n.d. 415 0.05 0.16 0.48 55 166 0.72 0.33
Y3–34 1368.72 0.22 0.15 n.d. n.d. n.d. 415 0.08 0.09 0.47 40 211 0.77 0.19
Y3–35 1369.90 0.28 0.62 n.d. n.d. n.d. 418 0.08 0.13 0.36 47 131 0.75 0.36
Y3–36 1370.95 3.03 1.81 0.22 0.08 65 427 0.42 6.33 0.56 209 18 2.23 11.30
Y3–37 1371.50 0.24 0.45 n.d. n.d. n.d. 408 0.10 0.11 0.27 46 112 0.88 0.41
Y3–38 1373.95 0.18 0.00 n.d. n.d. n.d. 438 0.06 0.05 0.45 29 257 0.61 0.11
Y3–39 1374.50 0.36 0.03 n.d. n.d. n.d. 435 0.10 0.38 0.27 105 75 1.33 1.41
Y3–40 1374.98 0.23 0.03 n.d. n.d. n.d. 432 0.08 0.14 0.30 61 131 0.96 0.47
Y3–41 1375.40 0.19 0.03 n.d. n.d. n.d. 432 0.07 0.09 0.32 47 166 0.84 0.28
Y3–42 1376.50 0.57 0.55 n.d. n.d. n.d. 430 0.09 0.62 0.38 110 67 1.25 1.63
Y3–43 1377.45 0.67 0.70 n.d. n.d. n.d. 423 0.18 0.82 0.35 122 52 1.49 2.34
Y3–44 1377.95 4.35 2.11 0.18 0.04 75 410 0.42 4.88 0.79 112 18 1.22 6.18
Y3–45 1378.50 2.20 1.01 0.20 0.03 57 417 0.16 2.33 0.49 106 22 1.13 4.76
Y3–46 1379.95 0.20 0.00 n.d. n.d. n.d. 432 0.07 0.07 0.42 34 207 0.70 0.17
Y3–47 1380.20 0.26 0.06 n.d. n.d. n.d. 429 0.13 0.14 0.24 54 93 1.04 0.58
Y3–48 1380.50 7.35 2.44 0.23 0.03 62 415 0.76 9.08 2.08 124 28 1.34 4.37
Y3–49 1381.25 0.47 0.05 n.d. n.d. n.d. 430 0.06 0.14 0.38 30 81 0.43 0.37
Y3–50 1382.50 0.18 0.04 n.d. n.d. n.d. 422 0.05 0.06 0.22 34 124 0.61 0.27
Y3–51 1383.50 0.22 0.04 n.d. n.d. n.d. 432 0.04 0.08 0.40 36 180 0.55 0.20
Y3–52 1384.60 0.23 0.05 n.d. n.d. n.d. 431 0.09 0.09 0.39 39 170 0.78 0.23
Y3–53 1385.10 1.16 0.07 0.37 0.05 54 434 0.09 1.55 0.48 134 41 1.41 3.23

(continued on next page)
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that the presence of framboidal pyrites within or near huminite (Fig. 3a,
b, c) indicates that organic material is autochthonous because this
pyrite-huminite association does commonly not appear in re-worked or
re-deposited organic material due to rapid pyrite oxidation under
weathering or surface conditions (Littke et al., 1991; Nzoussi-Mbassani
et al., 2005). The physical characteristics of huminite macerals, such as
being angular and massive, also suggest they are primary. Although
massive and angular huminite, as well as huminite associated with
framboidal pyrite, are difficult to observe in the samples with low TOC
content, the VRr values in these low TOC samples are similar to those
from the samples with high TOC content. Furthermore, the low VRr
values and low standard deviations across all measured samples suggest
that these phytoclasts are primary (Synnott et al., 2017).

4.4. Molecular composition

4.4.1. n-Alkanes, acyclic isoprenoids, and bicyclic alkanes
The chromatograms of the investigated samples show that the

normal alkanes (n-alkanes) constitute the major compounds, ranging
from n-C8 to n-C31, with a bimodal distribution exhibiting maxima at n-
C16, or n-C18 for the short-chain homologs (<n-C21) and at n-C25, n-C27
or n-C29 for the middle- and long-chain homologs (>n-C20) in most
samples (Fig. 4a and b; Table 2). The distribution characteristics of
short-chain n-alkanes are very similar with CPI12–20 values ranging from
0.63 to 1.60 and with an average value of 0.81 (Table 2). Of particular
interest is the fact that the distribution characteristics of middle and
long-chain n-alkanes from the Y 3 well, especially the samples with high
TOC content, exhibit a marked deviation from those of the H 1 well. For
the samples from the Y 3 well, there is a clear preference of odd n-al-
kanes in the middle- and long-chains with the carbon preference index
(CPI24–34) (Bray and Evans, 1961) ranging between 1.44 and 5.94 (3.79
on average) (Table 2). Moreover, the TAR (terrigenous/aquatic ratio)
(Bourbonniere and Meyers, 1996) ranges from 0.61 to 6.59 (avg. 2.18),
n-C17/n-C27 ratios from 0.14 to 4.27 (avg. 1.35) and Paq (submerged/
floating macrophytes) (Ficken et al., 2000) ratios from 0.18 to 0.68
(0.43 on average). Average chain length (ACL) is 26.15–28.95 (avg.
27.61) (Fig. 4a and b) (Table 2). For the samples from the H 1 well, the
odd-even predominance is not apparent with the CPI24–34, TAR, n-C17/n-
C27 ratios, Paq and ACL being 1.29–1.83 (avg. 1.02), 0.46–3.43 (avg.
1.32), 0.82–6.22 (2.45), 0.39–0.65 (avg. 0.56), and 26.46–28.30 (avg.
27.14), respectively (Table 2). Moreover, large variations in concen-
trations of β-carotane (m/z 125) can be observed with β-carotane/n-C25
ranging between 0.01 and 2.57 (0.32 on average) (Table 2).

By contrast, the distribution characteristics of acyclic isoprenoids
from the two wells are similar. Pristane (Pr) or phytane (Ph) are the most
abundant acyclic isoprenoids, with Pr/Ph ratio of 0.26–1.19 with an
average value of 0.80 (Table 2). The relative abundances of Pr and Ph in
comparison to their adjacent n-alkanes (i.e., Pr/n-C17 and Ph/n-C18) are
0.60–1.62 and 0.59–6.30, respectively (Table 2). The C30 isoprenoid
(squalane) and C25 isoprenoid (PMI) are also observed with PMI/n-C26
varying from 0.12 to 2.69 (0.74 on average) and squalene/n-C22 from
0.12 to 0.70 (avg. 0.33). Moreover, the bicyclic alkanes 8β-(H)-drimane
(D) and 8β-(H)-homodrimane (HD) are observed in the m/z 123 mass
chromatogram with the ratios of HD/D being 1.81–38.36 (10.67 on
average; Table 2). However, diterpenoids' abundances are below the
detection limit in most cases.

4.4.2. Terpanes
Terpanes can be observed in the m/z 191 mass chromatogram. Tri-

cyclic terpanes (Tri) ranging from C19 to C29, with the exception of C28,
are identified in all samples (Fig. 4c and d). In the short chains of Tri,
increasing trends can be observed from C19 to C21 Tri, while decreasing
trends are shown in Tri from C23 to C25. Besides, the contents of C22 Tri
are similar to those of C21 and C25 Tri.

Extended Tri (C28 and C29) exhibit a wide range of variation in the
(C28 Tri + C29 Tri)/Ts ratio (ETR) (Holba et al., 2001), with valuesTa
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ranging from 0.90 to 11.91 (Table 3). The C24 tetracyclic terpane (Tet) is
present in lesser amounts than the C23 and C26 Tri with the ratios of C24
Tet/C23 Tri and C24 Tet/C26 Tri being 0.15–0.40 and 0.21–0.97,
respectively (Fig. 4c and d; Table 3). Furthermore, Tri concentration
exhibits little correlation with TOC content as compared to other
compounds.

A series of hopanes, ranging from C27 to C35 with the exception of
C28, was observed in the studied samples and includes multiple stereo-
isomers (Fig. 4c and d). The distribution of hopanes is variable. For the
samples from the Y 3 well, the identified hopanes include C27-C31 7β
(H),21β(H) -hopanes (ββ hopanes) (even to C32 ββ in some samples), C29-
C30 7β(H),21α (H)-hopanes (βα hopanes), and C27-C32 7α(H),21β(H)-
hopanes (αβ hopanes) with C29 ββ being the dominant compound. Be-
sides, hopenes including C27 17β(H)-22,29,30-Trisnorhopane (βTm), 29
and 30 neohop-13 (18)-enes, and 30 hop-17 (21)-ene are observed. In
contrast, the samples from the H 1 well exhibit a relatively higher
abundance of gammacerane (Gamm) and C32–35 αβ hopanes, while
hopenes and ββ hopanes are missing. Moreover, two series of methyl-
hopanoids (MeH) (m/z 205) including 2α-MeH and 3β-MeH can be
detected in all studied samples with 2α-C30 MeH/C30 αβ hopane ranging
from 0.11 to 0.53 and 3β-C30 MeH/C30 αβ hopane ranging from 0.12 to
2.82 (Table 3). In addition, low concentrations of C29 25-norhopane (C29
NH) are detected in all samples with C29 NH/C30 αβ hopane ratios of
0.03–0.23 and with 46% greater than 0.10 (Table 3).

4.4.3. Steroids and sterenes
Steroids, and lanostanes as well as sterenes were observed in all

samples by monitoring the m/z 217, m/z 259 (Fig. 4e and f), and m/z
257 ion chromatograms (Fig. 4g and h). Among the identified com-
pounds, C29 steranes (39–80%) are most abundant, followed by C27
steranes (6–46%) in most cases (Fig. 4e and f) (Table 3). It is noteworthy
that C27 and C28 steranes display smaller concentrations in the H 1 well
as compared to the Y 3 well in most of the cases. C29 ααα20S/(20S +

20R) ratios are similar in the samples from the two wells, which range
from 0.01 to 0.22 (Table 3). Moreover, C29 αββ/(αββ + ααα) ratios for the
Y 3 well are generally smaller than 0.3 in most cases (ranging from 0.12
to 0.35 with an average value of 0.19), whereas for the H 1 well, they are
greater than 0.3 in most cases (i.e., ranging from 0.21 to 0.38 with an
average value of 0.32) (Table 3).

In addition, C30 4-methylsteranes can be detected in these late
Neogene sediments. Among 4-methylsteranes, dinosteranes are more
abundant than 4- and 24- substituted methylsteranes. Moreover, preg-
nane and homopregnane can be detected in low abundance (Fig. 4e and
f).

4.4.4. Aromatic hydrocarbons
A series of mononuclear aromatic and 2- to 6-ring polynuclear aro-

matic hydrocarbons (PAHs) were identified in the samples (Fig. 5 and
Fig. 6).

Fig. 3. Microphotographs showing macerals in the Pliocene source rocks under incident reflected white light (a-e) and in fluorescence mode (f-i). a: sample Y3–36; b:
sample Y3–27; c: sample Y3–44; d: sample Y3–53; e: sample 18–908; f: sample Y3–27; g: sample Y3–36; h: sample Y3–48; i: sample 18–912.
Hu-huminite, Fu-fusinite, Sp-sporinite, Te-telalginite, R-resinite, Se-semifusinite, La-lamalginite, Li-liptodetrinite, P-pyrite.

J. Qiao et al. International Journal of Coal Geology 296 (2024) 104658 

8 



Mononuclear aromatic compounds detected in this study are meth-
yltrimethyltridecylchromans (MTTCs) including 2,8-dimethyl-2-
(4,8,12-trimethyltrisecyl) -chromatid (δ-MTTC; m/z 121), 2,5,7-tri-
methyl-2- (4,8,12-trimethyltrisecyl) -chromatid (ζ-MTTC), 2,7,8-

trimethyl-2- (4,8,12-trimethyltrisecyl) -chromatid (γ-MTTC), 2,5,8-tri-
methyl-2- (4,8,12-trimethyltrisecyl) -chromatid (β-MTTC) (m/z 135),
and 2,5,7,8-tetramethyl-2- (4,8,12-rimethyltrisec-yl) -chroma (α-MTTC;
m/z 149). The 2-ring polynuclear compounds mainly include

Fig. 4. Distribution of partial mass chromatograms of the aliphatic fraction in representative samples (figures on the left represent sample H 18–906, and those on
the right sample Y 3–18). (a–b) Total ion chromatogram (TIC); (c–d) Mass chromatograms showing the distribution of terpanes (m/z 191) and methylhopanoids (m/z
205); (e–f) Mass chromatograms showing the distribution of steranes (m/z 217) and lanostanes (m/z 259); (g–h) Mass chromatograms (m/z 257) showing the
distribution of sterenes. See Appendix (Table A1) for detailed peak identification.
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naphthalene (N; 128), methylnaphthalenes (MNs; 142), biphenyls (BP;
m/z 154), ethylnaphthalenes+ dimethylnaphthalenes (ENs+DMNs;m/
z 156), trimethylnaphthalenes (TMNs; m/z 170), and tetrame-
thylnaphthalenes (TeMNs; m/z 184). The 3-ring polynuclear aromatic
compounds are mainly diphenylmethane + methylbiphenyls + diben-
zofurane (MBps + DPM + DBF; m/z 168), fluorene (Fl; m/z 166),
cadalene (Cad; m/z 183), methylfluorenes (MFs; m/z 180), dibenzo-
thiophene (DBT; m/z 184), phenanthrene (PHE; m/z 178), methyl-
dibenzothiophenes (MDBTs; m/z 198); methylphenanthrenes (MPs; m/z
192), ethylphenanthrenes + dimethylphenanthrenes (EPs + DMPs; m/z
206), retene (Ret; m/z 219), trimethylphenanthrenes + ethyl-
phenanthrenes + methylphenanthrenes + C3-phenanthrene (TMPs +

EPs + MPs + C3-P; m/z 220), triaromatic steroids (TAS; m/z 231 shown
in Fig. 6a and b) as well as methyltriaromatic steroids and C29 4α,23,24-
trimethyltriaromatic steroids (MeTAS and dino-TAS; m/z 245 shown in
Fig. 6c and d). The 4-ring polynuclear aromatic compounds are mainly
fluoranthene + pyrene (Fla + Py; m/z 202), methyl fluoranthenes +

benzo[a]fluorene + benzo[b]fluorene + methylpyrenes (MFla + BaF +

BbF + MPys; m/z 216), chrysene (Chr; m/z 228), and 9- + 2-methyl-
retenes (Mrets; m/z 233). The 5-ring polycyclic aromatic compounds
mainly include benzo[b]fluoranthene, benzo[e]pyrene, benzo[a]pyr-
ene, and perylene (Pery; m/z 252). Parameters used for characterization
of higher plants including higher plant index (HPI = (Retene + Cada-
lene + ip-iHMN)/1,3,6,7-TeMN) (van Aarssen et al., 1996), and higher
plant parameter (HPP = retene/(retene + cadalene) (van Aarssen et al.,
2000) are 0.36–22.14 (4.30 on average) and 0.15–1.00 (0.59 on
average) (Table 4).

5. Discussion

5.1. Thermal maturity

Generally, a significant amount of OM which is thermally immature

or very early thermally mature is necessary for the formation of mi-
crobial CH4 (VRr <0.6%) (Schoell, 1980). Both the Tmax and petro-
graphic VRr values illustrate that the OM in source rocks studied are
thermally immature (i.e., Tmax <435 ◦C and VRr <0.5%; Peters et al.,
2005) with very few samples being just at the limit to the early thermally
mature stage. This is consistent with the presence of typical immature
molecular biomarkers, including hopane/hopene series including βTm,
C29–31 17β (H),21β (H)-hopanes, neohop-13(18)-enes, C30 hop-17 (21)-
ene, and 4β-methylsteranes (Mackenzie et al., 1980; Ten Haven et al.,
1986; Sinninghe Damsté et al., 2014; Volkman et al., 2015; Synnott
et al., 2021), as well as sterenes and steradienes (Amo et al., 2007;
Killops and Abbott, 2022; Synnott et al., 2023) (Fig. 4g and h). This
thermal maturity, which is close to that of the overlying Pleistocene
Qigequan Formation (Qiao et al., 2021a), indicates that the OM in the
late Neogene Shizigou Formation possesses the potential for significant
microbial gas generation (Schoell, 1980).

5.2. Biological sources of organic matter

5.2.1. Evidence from programmed open-system pyrolysis and maceral
composition

Based on microscopic observation, the origin of OM in the samples
with high TOC content from the Y 3 well is complex. Sporinite, which
may originate from various types of plants including pteridophytes,
gymnosperms, angiosperms, and bryophyte spores (Pickel et al., 2017),
is common in these samples (Fig. 3f, g, and h), indicating an assemblage
of OM derived from higher land plants in fluvio-deltaic ecosystems close
to the lake. The OM in these samples also contains inertinite, e.g.,
semifusinite (Fig. 3b) and fusinite (Fig. 3c and d), indicating charcoal
derived from higher plants making contributions to the OM (ICCP,
2001). A terrestrial contribution is further supported by the presence of
resinite (Fig. 3f, g, and h) and huminite (Fig. 3a, b, and c) (ICCP, 1998;
Pickel et al., 2017). Among the huminite, ulminite B, which is derived

Table 2
Biomarker parameters of alkane hydrocarbon for the sediments from the Shizigou Formation in the Yiliping Depression, Qaidam Basin, China.

Well Sample
ID

Main
peak of
normal
alkane

Pr/
Ph

Pr/
n-
C17

Ph/
n-
C18

CPI12–20 CPI24–34 n-C17/
(n-C23

+ n-
C25 +

n-C27)

TAR Paq n-
C17/
n-
C27

β-carotanes/
n-C25

Squalene/
n-C22

PMI/
n-C26

ACL HD/
D

Y 3

Y3–1 n-C16 1.07 0.78 0.69 0.65 4.27 1.34 0.68 0.30 2.94 0.69 0.32 0.75 28.42 6.67
Y3–5 n-C16 1.01 0.83 1.04 0.70 3.39 0.83 0.84 0.46 2.26 0.20 0.16 0.89 27.45 17.79
Y3–18-
917

n-C27 0.49 0.86 1.19 1.02 1.44 0.07 6.59 0.51 0.14 0.05 0.12 0.19 27.24 6.09

Y3–16 n-C16 0.94 0.60 0.59 0.63 2.41 0.53 1.38 0.43 1.21 0.12 0.23 0.29 27.40 17.10
Y3–18 n-C18 0.26 1.04 3.05 0.69 3.29 0.31 1.25 0.68 1.04 0.10 0.56 0.44 26.15 6.55
Y3–19 n-C29 0.72 0.98 1.57 0.68 3.93 0.23 3.15 0.40 0.73 0.06 0.28 1.23 27.76 6.43
Y3–26 n-C16 0.63 0.73 1.04 0.67 5.94 0.63 1.85 0.28 1.34 0.15 0.41 2.69 28.53 21.51
Y3–27 n-C16 1.19 0.89 1.30 0.78 5.69 2.60 0.61 0.18 4.27 0.50 0.18 1.37 28.95 7.97
Y3–36 n-C16 0.44 1.62 6.30 0.86 4.13 0.42 1.01 0.48 1.15 2.57 0.70 1.25 27.52 2.18
Y3–40 n-C18 0.63 1.13 0.93 0.83 2.72 1.07 0.62 0.40 2.81 0.35 0.52 1.19 27.63 2.83
Y3–44 n-C16 0.51 1.36 5.25 0.86 4.35 0.17 2.79 0.48 0.43 0.11 0.42 0.53 27.26 2.66
Y3–45 n-C29 0.77 1.08 1.76 0.84 3.94 0.15 3.25 0.36 0.34 0.08 0.34 0.52 27.86 2.72
Y3–48 n-C29 0.43 0.79 6.28 1.60 4.17 0.17 3.51 0.46 0.45 0.17 0.43 0.86 27.44 1.81
Y3–53 n-C29 0.98 0.72 0.88 0.74 2.95 0.28 2.37 0.40 0.71 0.05 0.14 0.14 27.70 5.35
Y3–55 n-C27 0.82 0.83 1.42 0.83 4.21 0.14 2.77 0.59 0.37 0.16 0.18 0.64 26.86 3.97

H 1

18–905 n-C25 0.78 0.89 1.03 0.80 1.37 0.30 1.53 0.65 0.87 0.09 0.30 0.33 26.79 14.13
18–906 n-C25 0.99 0.86 0.99 0.83 1.29 0.31 1.83 0.62 0.82 0.07 0.23 0.12 26.84 6.85
18–907 n-C18 0.90 0.85 1.05 0.85 2.90 1.70 0.51 0.42 5.46 0.90 0.51 1.21 28.10 12.80
18–908 n-C25 1.08 0.92 1.12 0.84 1.45 0.37 1.51 0.61 1.02 0.04 0.21 0.12 27.01 21.14
18–909 n-C18 0.82 0.81 1.00 0.84 3.49 1.91 0.46 0.39 6.22 0.75 0.53 1.41 28.30 8.15
18–910 n-C16 1.09 0.74 0.83 0.64 3.27 1.04 0.75 0.44 2.23 0.36 0.30 0.65 27.37 38.36
18–911 n-C27 0.75 0.86 1.26 0.84 1.40 0.55 0.89 0.65 1.67 0.01 0.21 0.19 26.46 14.87
18–912 n-C17 0.90 0.93 1.18 0.86 1.47 0.50 0.96 0.64 1.44 0.05 0.32 0.13 26.83 11.00
18–913 n-C25 0.88 0.83 1.05 0.70 1.85 0.90 0.73 0.58 2.36 0.01 0.31 0.52 26.58 17.14

Note: main peak = the highest peak height; Pr = pristane; Ph = phytane; CPI12–20 = carbon preference index for n-alkanes = 2 ×
∑

odd (n-C13–n-C19)/[
∑

even (n-
C12–n-C18)+

∑
even (n-C14–n-C20)]; CPI24–34 = carbon preference index for n-alkanes= 2×

∑
odd (n-C25–n-C33)/[

∑
even (n-C26–n-C34)+

∑
even (n-C24–n-C32)]; ACL

= [(23 × n-C23) + (25 × n-C25) + (27 × n-C27) + (29 × n-C29) + (31 × n-C31)]/(n-C23 + n-C25 + n-C27 n-C29 n-C31); TAR = (n-C27 + n-C29 + n-C31)/(n-C15 + n-C17 +

n-C19); Paq = (n-C23 + n-C25)/(n-C23 + n-C25 + n-C29 + n-C31).
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Table 3
Biomarker parameters of terpanes and steranes for the sediments from the Shizigou Formation in the Yiliping Depression, Qaidam Basin, China.

Well Sample
ID

Tri and Tet Hopanes, methylhopanes (MeH) and gammacerane (Gamm) Sternane Sternanes/
hopanoids

C19/
(C19

+

C23)
Tri

C22/
C21

Tri

C24/
C23

Tri

C26/
C25

Tri

C24

Tet/
C23

Tri

C24

Tet/
C26

Tri

ETR Gamm/
C30 (αβ
+ ββ)
hopane

C31 22
R/C30

αβ
hopane

C31 S/
(S + R)
hopane

C29

NH/
C30 αβ
hopane

2α-C30

MeH/
C30 αβ
hopane

3β-C30

MeH/
C30 αβ
hopane

C21–22/
C27–29

steranes

C27

diasteranes/
regular
steranes

Sterane
C29

ββ/(ββ
+ αα)

Sterane
C29

ααS/(S
+ R)

Normalized
distribution of
sternanes (%)

C27 C28 C29

Y 3

Y3–1 0.25 0.20 0.54 1.25 0.28 0.52 1.62 0.17 0.15 0.56 0.20 0.20 0.21 0.10 0.56 0.35 0.22 27 24 49 0.30
Y3–5 0.30 0.18 0.53 0.90 0.20 0.43 5.28 0.09 0.22 0.27 0.14 0.14 0.33 0.02 0.15 0.17 0.02 25 26 49 1.26
Y3–18-
917

0.16 0.19 0.54 0.91 0.28 0.84 1.41 0.05 0.16 0.26 0.05 0.21 0.44 0.01 0.04 0.16 0.02 20 19 61 2.14

Y3–16 0.28 0.20 0.49 0.83 0.17 0.56 4.01 0.13 0.26 0.34 0.21 0.18 0.38 0.07 0.31 0.24 0.05 22 21 57 0.75
Y3–18 0.11 0.22 0.59 0.91 0.23 0.49 6.09 0.10 0.60 0.19 0.15 0.13 0.12 0.01 0.07 0.12 0.01 16 19 65 0.93
Y3–19 0.29 0.19 0.54 0.70 0.26 0.65 9.57 0.11 0.37 0.15 0.23 0.45 0.63 0.01 0.13 0.12 0.02 12 20 68 0.51
Y3–26 0.27 0.19 0.56 0.77 0.23 0.47 4.17 0.05 0.06 0.41 0.07 0.11 0.22 0.01 0.11 0.15 0.08 10 15 75 2.05
Y3–27 0.40 0.16 0.49 0.78 0.26 0.43 6.34 0.08 0.05 0.35 0.09 0.13 0.14 0.01 0.09 0.16 0.10 10 16 74 1.33
Y3–36 0.46 0.07 1.25 0.67 0.21 0.21 1.85 0.16 0.05 0.29 0.03 0.12 0.37 0.00 0.01 0.17 0.01 12 21 67 3.15
Y3–40 0.15 0.24 0.50 0.98 0.19 0.52 2.18 0.11 0.27 0.33 0.17 0.24 0.33 0.05 0.16 0.30 0.03 25 13 62 2.03
Y3–44 0.30 0.11 0.79 0.75 0.24 0.33 9.84 0.10 0.35 0.10 0.09 0.23 1.52 0.00 0.02 0.19 0.01 14 18 68 1.59
Y3–45 0.27 0.19 0.55 0.81 0.24 0.51 8.05 0.15 0.28 0.22 0.13 0.34 2.75 0.01 0.06 0.19 0.01 16 17 67 1.05
Y3–48 0.31 0.18 0.70 0.79 0.40 0.54 11.91 0.14 0.24 0.22 0.08 0.53 2.63 0.00 0.02 0.17 0.01 11 18 71 2.05
Y3–53 0.37 0.19 0.56 0.93 0.40 0.92 7.20 0.10 0.35 0.21 0.18 0.20 2.82 0.04 0.30 0.21 0.02 10 15 75 0.42
Y3–55 0.31 0.17 0.62 0.96 0.29 0.47 4.60 0.16 0.12 0.25 0.04 0.25 1.03 0.00 0.05 0.20 0.00 6 14 80 4.36

H 1

18–905 0.18 0.24 0.45 0.79 0.17 0.90 2.15 0.16 0.25 0.40 0.15 0.22 0.40 0.20 0.23 0.36 0.11 29 20 51 1.04
18–906 0.18 0.22 0.45 0.78 0.18 0.82 0.90 0.13 0.13 0.40 0.08 0.16 0.32 0.05 0.08 0.34 0.04 30 27 43 2.41
18–907 0.17 0.24 0.50 0.80 0.19 0.72 1.83 0.14 0.19 0.45 0.10 0.26 0.38 0.09 0.18 0.38 0.06 28 19 53 1.00
18–908 0.22 0.20 0.47 0.74 0.18 0.88 1.52 0.08 0.41 0.24 0.09 0.21 0.33 0.11 0.11 0.32 0.05 44 12 44 0.82
18–909 0.12 0.25 0.50 0.69 0.15 0.68 2.40 0.12 0.23 0.36 0.12 0.27 0.34 0.13 0.19 0.35 0.04 29 18 53 1.27
18–910 0.30 0.18 0.49 1.00 0.27 0.70 4.12 0.19 0.17 0.30 0.17 0.13 0.31 0.07 0.41 0.21 0.05 19 25 56 0.95
18–911 0.23 0.22 0.46 0.74 0.15 0.82 1.36 0.12 0.29 0.37 0.02 0.15 0.32 0.06 0.04 0.29 0.04 46 15 39 2.12
18–912 0.22 0.22 0.45 0.69 0.15 0.97 1.56 0.09 0.40 0.24 0.07 0.23 0.40 0.08 0.07 0.32 0.03 40 12 48 1.30
18–913 0.29 0.20 0.43 0.72 0.20 0.81 1.49 0.11 0.40 0.28 0.03 0.27 0.27 0.05 0.08 0.31 0.04 37 16 47 1.07
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from various angiosperms, is more abundant than ulminite A derived
from gymnosperms (Sýkorová et al., 2005). The observation of lamal-
ginite and liptodetrinite (Fig. 3g) indicates that algae/other phyto-
plankton also make a minor contribution to the OM (Pickel et al., 2017).
In contrast, the samples with low TOC content in the H 1 well exhibit
fragmented macerals, i.e., rather small huminite particles (Fig. 3d and e)
as well as lamalginite (Fig. 3i).

According to the programmed open-system pyrolysis data, the
kerogen of the analyzed samples from the Y 3 well is composed of mixed
types II–III (Fig. 7a and b) (Pepper and Corvi, 1995). It is important to
note that the kerogen type of the samples from the H 1 well is typical
type III kerogen, which exhibits lower HI values compared to both the
kerogen type of the Pleistocene H 1 well samples and the late Neogene Y
3 well samples. The lower HI values of the late Neogene Shizigou sam-
ples compared to the Pleistocene samples can be attributed to the low
TOC content, which leads to the mineral matrix effect (MME) during the
programmed open-system pyrolysis, and lowers the true S2 and HI
values, particularly in samples with TOC contents of less than 2%
(Espitalié et al., 1985; Grohmann et al., 2019; Beti et al., 2021). How-
ever, it is important to note that even after correcting the HI values of the
studied sample using the method proposed by Behar et al. (2021) based
on the ratio of HI measured on whole rock to that measured on isolated
OM, the corrected HI values still indicate a typically detrital input
without a major contribution of hydrogen-rich algal OM. Thus, it is
plausible that the low HI values are a result of significant OM degra-
dation, as discussed in section 5.4. It should be noted that TOC, S1, S2,
and HI values in the samples from the late Neogene Shizigou Formation
are generally lower than those from the Pleistocene sediments (Qiao
et al., 2021a), indicating that the late Neogene Shizigou Formation has
less potential to generate large amounts of microbial gas compared to

the Pleistocene sediments.
In summary, maceral composition is closely linked to the TOC con-

tent. The samples with high TOC content, primarily from the Y 3 well,
exhibit a greater contribution of higher plant to the OM and are repre-
sentative of type III kerogen. In contrast, the low TOC samples contain
few macerals from higher plants but display abnormally low HI values,
which cannot be attributed to the original composition of the OM.

5.2.2. Evidence from aliphatic hydrocarbons
In general, thermal maturity has a significant impact on the distri-

bution of n-alkanes. The low thermal maturity of the studied sequence
ensures the reliability of the biomarkers in the interpretation of the
organism's composition. The short-chain n-alkanes (n ≤20) are pre-
dominantly sourced from cyanobacteria or algae/phytoplankton, and
maximum peaks occurring at odd carbon and even carbon numbers
indicate algae and bacterial input, respectively (Cranwell, 1977; Meyers
and Ishiwatari, 1995). The n-C17 peak is mainly prominent in the sam-
ples from the H 1 well, while the samples from the Y 3 well show a
prominent n-C16 peak. Furthermore, the CPI12–20 values <1 for most
studied samples are possibly related to massive microbial input (Clark
and Blumer, 1967; Ahad et al., 2011). Microbial and algal contributions
can be also deduced from the occurrence of branched alkanes (br-al-
kanes) and bicyclic alkanes as well as hopanoids (Alexander et al., 1983;
Alexander et al., 1984; Shiea et al., 1990) (Fig. 4a-b).

Among the intermediate-molecular-weight n-alkanes (21≤ n ≤25),
n-C25 exhibit the highest peaks in the samples from the H 1well. These n-
alkanes not only originate from lower organisms, such as phycophyta
(Mead et al., 2005; Riboulleau et al., 2007) and photosynthetic bacteria
(dos Santos Neto et al., 1998), but also hydrophilous macrophytes, e.g.,
aquatic pollen taxa, Sphagnum mosses, Ruppia, and freshwater

Fig. 5. Partial mass chromatograms for the aromatic fraction of sample YK 3–36. See the text for the explanation of the peaks.
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Nymphaea (Mead et al., 2005; Coetzee, 1967; Bingham et al., 2010; He
et al., 2020). Long-chain n-alkanes (n ≥26), mainly derived from waxes
of woody higher land plants (Pearson and Eglinton, 2000), show the
peak at n-C27 or n-C29 in the samples from the Y 3 well.

The presence of short-chain monomethylalkanes (MMAs) in most
samples from the two wells is indicative of the existence of cyanobac-
teria within microbial mats (Sinninghe Damsté et al., 1995; Kenig, 2000;
Bauersachs et al., 2009; Pawlowska et al., 2013), which is consistent
with the identified 2-MeHs, i.e., the signature of cyanobacterial biomass
(Farrimond et al., 2004). Besides, long-chain MMAs, which may be
mainly associated with microorganisms or heterotrophic bacteria rather
than cyanobacteria (Lu and Sun, 2003), can be observed in the samples
without clear odd and even predominance (i.e., samples from the H 1
well) in the late Neogene sediments. It is worth noting that the presence
of long-chain MMAs has also been observed in the Pleistocene organic
facies B samples from the Qaidam Basin, which were deposited in an
oxic, brackish-lacustrine water body with OM origins from saltwater
algae and some additional bacteria (Qiao et al., 2021a).

In addition, algae and bacteria can be identified by some specific
biomarkers present in most samples, e.g., PMI and squalene which are
the primary components of the membrane lipids of methanogens and
halophilic archaea (Peters et al., 2005; Volkman et al., 2015), and C30 4-
methylsteranes, which are closely associated with dinoflagellates
inhabiting fresh and brackish water columns (Fu et al., 1993; Horsfield
et al., 1994; Bechtel et al., 2012). Moreover, the abundances of C30 4-
methylsteranes are high in the samples, indicating that dinoflagellates
made a greater contribution to the OM. This finding is consistent with
the higher abundances of MeTAS and dino-TAS in the samples, because
they are indicative of modernmarine dinoflagellates (Fig. 6; Peters et al.,
2005). The occurrence of C29 neohop-13 (18)-ene and C29 hop-17 (21)-

ene indicates methanotrophs and C30 hop-17 (21) -ene indicates of
methanotrophs mixed with other bacteria (Volkman et al., 2015).
Methanotrophs, a branch of methyl-oxidizing bacteria, can utilize
methane as the only energy and carbon source. The detection of 3-MeH,
which are synthesized from methanotrophs during diagenesis, indicates
a significant input of methanogens (Farrimond et al., 2004).

Specifically, CPI24–34 values of <5 and >5 are indicative of aquatic
higher plants and terrestrial higher plants, respectively (Bechtel et al.,
2012; Bechtel et al., 2013). Here, the low CPI24–34 values might indicate
the possibility of microbial decomposition of OM and input of saltwater
algae (Bechtel et al., 2001; Qiao et al., 2021a). The CPI24–34 values of the
samples from the Y 3 well, even for the samples with low TOC content (e.
g., Y 3–1, Y3–5 and Y 3–55), indicate significant contributions from
aquatic higher plants to the OM composition, while the OM of the H 1
samples contains abundant saltwater algae.

Paq was proposed as a tool to investigate OM origins based on of
middle- and high-molecular-weight n-alkanes. Terrestrial higher plant
lipids are characterized by Paq values less than 0.1, emergent commu-
nities by 0.1–0.4, and submerged/floating vegetation by 0.4–1.0 (Ficken
et al., 2000). The Paq values infer that the OM in most samples was
largely derived from submerged/floating macrophytes rather than
terrestrial higher plants, while emergent macrophytes contributed to the
OM only in some samples from the Y 3 well. TAR and n-C17/n-C27 show
substantial variations in the samples from both the H 1well and Y 3 well,
implying the respective contributions of different types of OM. In
addition, the Paq is negatively correlated to the ACL (R2 = 0.93) but
positively correlated to the middle-chain n-alkanes concentration (R2 =

0.75) (Fig. 8), indicating that submerged rather than terrestrial higher
plants were predominant contributors to the OM. In comparison to the
Pleistocene samples, the late Neogene Shizigou samples have higher Paq

Fig. 6. Representative mass chromatograms (m/z 231) of the TAS and (m/z 245) of the MeTAS and dino-TAS. Notes: TAS = triaromatic steroids; MeTAS =

methyltriaromatic steroids; DeTAS = dimethyltriaromatic steroids; TeTAS = trimethyltriaromatic steroids; Me-24ETAS = methyl-24-ethyltriaromatic steroids; dino-
TAS = C29 4α,23,24-trimethyltriaromatic steroids.
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Table 4
Aromatic parameters for the sediments from the Shizigou Formation in the Yiliping Depression, Qaidam Basin, China.

well Sample
ID

HPI HPP log
(1,2,7-
TMN/
1,3,7-
TMN)

log
(1,2,5-
TMN/
1,3,6-
TMN)

log (1-
MP/9-
MP)

log
(Retene/
9-MP)

log [1,7-
DMP/
(1,3- +
3,9- +
2,10- +
3,10-
DMP)]

MTTC
ratio

DBT/
PHE

1,6-
DMN/
1,5-
DMN

1,3,6-
TMN/
1,2,4-
DMN

1,3,6,7-
TeMN/
1,3,5,7-
TeMN

Normalized
distributionof
DBT, DBF and FL
(%)

C26/C28 20S
triaromatic
steroid

(C20 + C21)/(C20

+ C21 + C26 +

C27 + C28)
triaromatic
steroid

C20/(C20 +

C28(20R))
triaromatic
steroid

Fl DBT DBF

Y 3

Y3–1 1.29 0.62 − 0.60 − 0.18 − 0.10 − 1.06 − 0.41 0.41 0.05 5.99 1.70 1.65 7 68 25 0.53 0.05 0.13
Y3–5 1.60 0.48 − 0.29 − 0.11 − 0.10 − 1.11 − 0.37 0.45 0.02 4.19 3.71 1.55 7 85 8 0.71 0.04 0.11
Y3–18-
917

n.d. 1.00 − 0.16 0.22 − 0.04 − 0.60 − 0.30 n.d. 0.15 4.69 1.43 0.49 12 58 30 0.47 0.40 0.51

Y3–16 5.81 0.90 − 0.35 0.09 − 0.09 − 0.84 − 0.42 0.49 0.03 2.27 3.22 1.79 3 96 1 0.67 0.07 0.19
Y3–18 n.d. 1.00 − 0.43 − 0.02 − 0.09 − 0.22 − 0.35 0.79 0.10 6.06 1.78 3.06 9 61 30 0.56 0.07 0.18
Y3–19 0.85 0.31 − 0.79 − 0.52 − 0.17 − 0.78 − 0.48 0.58 0.06 7.39 3.83 2.11 13 32 56 0.55 0.09 0.19
Y3–26 n.d. 1.00 − 0.02 0.09 − 0.05 − 0.40 − 0.30 0.26 0.02 3.50 1.85 1.92 6 66 28 0.59 0.11 0.22
Y3–27 0.86 0.27 − 0.53 − 0.45 − 0.13 − 0.80 − 0.42 0.24 0.06 9.03 5.44 2.73 19 24 57 0.76 0.07 0.22
Y3–36 0.36 0.24 − 0.73 − 0.64 − 0.16 − 1.00 − 0.47 0.56 0.06 9.99 8.69 4.54 13 14 73 0.41 0.07 0.22
Y3–40 22.14 0.92 − 0.40 − 0.28 − 0.11 − 0.52 − 0.44 0.30 0.03 7.30 3.06 4.01 8 80 12 0.19 0.06 0.11
Y3–44 2.27 0.16 − 0.55 − 0.45 − 0.15 − 0.87 − 0.39 0.59 0.08 9.83 5.93 3.89 17 20 63 0.30 0.06 0.10
Y3–45 3.19 0.20 − 0.50 − 0.44 − 0.10 − 0.91 − 0.36 0.45 0.06 8.68 3.58 3.21 16 18 66 0.45 0.06 0.10
Y3–48 0.90 0.15 − 0.65 − 0.53 − 0.20 − 0.90 − 0.39 0.59 0.13 11.46 8.22 4.00 22 32 46 0.31 0.08 0.19
Y3–53 2.09 0.35 − 0.64 − 0.30 − 0.08 − 1.02 − 0.39 0.45 0.05 8.97 2.65 2.11 9 63 28 0.49 0.05 0.11
Y3–55 3.28 0.31 − 0.50 − 0.14 − 0.05 − 0.88 − 0.33 0.54 0.05 6.79 2.68 1.75 13 74 13 0.47 0.06 0.14

H 1

18–905 2.95 0.56 0.14 0.05 − 0.09 − 0.83 − 0.42 0.33 0.04 3.47 1.85 1.78 7 91 2 0.47 0.31 0.50
18–906 7.50 0.79 0.40 0.01 0.00 − 0.67 − 0.29 0.32 0.04 3.38 4.01 8.01 1 93 6 0.39 0.52 0.63
18–907 7.06 0.68 − 0.17 0.23 − 0.13 − 0.58 − 0.33 0.24 0.03 2.81 3.88 2.29 2 95 3 0.31 0.02 0.05
18–908 7.01 0.66 0.23 0.24 − 0.08 − 0.77 − 0.34 0.41 0.03 2.65 2.02 3.69 4 95 1 0.49 0.44 0.58
18–909 5.01 0.62 0.04 0.01 − 0.11 − 0.73 − 0.39 0.27 0.04 3.98 1.75 4.57 7 86 7 0.54 0.74 0.68
18–910 5.92 0.91 − 0.07 0.06 − 0.08 − 1.04 − 0.40 0.45 0.03 n.d. 3.43 2.81 2 97 1 0.73 0.05 0.15
18–911 2.86 0.96 0.37 0.07 − 0.09 − 0.73 − 0.30 0.42 0.05 1.18 2.90 3.75 4 95 1 0.18 0.02 0.03
18–912 4.57 0.40 − 0.07 − 0.08 − 0.11 − 0.69 − 0.37 0.35 0.05 5.51 1.67 1.74 9 46 46 0.26 0.03 0.05
18–913 1.29 0.62 0.53 0.44 − 0.01 − 0.61 − 0.25 0.34 0.03 0.84 1.30 8.06 1 97 2 0.20 0.02 0.04

Note: MTTC ratio = α-MTTC/(α- + δ- + β- + γ- + ζ-MTTC); HPI= (retene+ cadalene+ ip-iHMN)/1,3,6,7-TeMN; HPP= retene/(retene+ cadalene).
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values (but below 0.4) and higher TAR values, indicating emergent
macrophytes were more prevailing but lower aquatic organisms were
less prosperous during the late Neogene period. Thus higher plants that
contribute to the OM are mainly aquatic higher plants rather than
terrestrial higher plants, as also indicated by other low values of in-
dicators of terrestrial higher plants, i.e., C24 Tet/C23 Tri and C19/(C19 +

C23) Tri ratios (Table 3) (Philp and Gilbert, 1986; Peters et al., 2005;
Volk et al., 2005; Volkman et al., 2015). These two parameters are,
however, higher than those in the Pleistocene samples, indicating that
relatively more terrestrial higher plants developed during the late
Neogene period. Moreover, the concentration of oleanane, being low,
further emphasizes the minor contribution of angiosperms (Moldowan
et al., 1994) (Fig. 4c and d).

Hopanoids are generally regarded as derived from microbial cell
membranes and hopanoids >C30 are signatures of cyanobacteria, het-
erotrophic, and methanotrophic bacteria (Peters et al., 2005; Volkman
et al., 2015). The investigated samples contain abundant hopanoids
(Fig. 4), indicating microbial lipids contributed to the OM. Furthermore,
the occurrence of hop-17 (21)-enes, which also are indicative of
eukaryotic phyta or cryptogams (e.g., ferns, mosses, lichens, fungi)
(Bottari et al., 1972; Wakeham, 1990; Bechtel et al., 2001; Bechtel et al.,
2007), is also observed in the studied samples.

Generally, C27, C28, and C29 steranes are inductive of zooplankton,
phytoplankton, and terrestrial plants, respectively (Huang and Mein-
schein, 1979). It is noteworthy that the studied samples show high
concentrations of C29 steranes in comparison to C27 and C28 steranes,
especially in the Y 3 well samples are reconcilable with the above
interpretation because C29 steranes are not only derived only from
terrestrial higher plants but also from some aquatic plants and micro-
algae (Huang and Meinschein, 1979; Moldowan et al., 1986; Volkman,
2003; Volkman et al., 2015).

The relative contribution of prokaryotes in comparison to eukaryotes
(i.e., higher plants and algae) can be determined by the ratio of hopa-
noids to steranes. The hopanoids/steranes ratio for the studied samples
(listed in Table 3) is slightly lower than that in the Pleistocene Qigequan
Formation in the Qaidam Basin (Qiao et al., 2021a), indicating bacteria
made a minor contribution to the OM and the bacterial contribution is
smaller than in the samples from the Pleistocene sediments.

In summary, the characteristics of aliphatic hydrocarbons indicate
that various bacteria, such as halophilic archaea, heterotrophic bacteria,
methanotrophic bacteria, methanogens, cyanobacteria, and submerged/
floating vegetation play a significant role in contributing to the OM,
while terrestrial higher plants contribute only a small amount to the OM
in all samples from the H 1 well and Y 3 well. Notably, emergent com-
munities and microalgae contribute more to the OM in the samples from
the Y 3 well, while phytoplankton, e.g., saltwater algae, contribute more
OM in the samples from the H 1 well.

5.2.3. Evidence from aromatic hydrocarbons
Generally, 1,3,6,7-TeMN, an indicator of microbe-derived compound

(Jiang et al., 1998), can be detected with high abundances in the studied
samples. Cadalene, primarily produced by most vascular plants (Otto
and Wilde, 2001; Tu et al., 2003) and possibly also by some procaryotic
organisms such as bryophytes, fungi, and algae (van Aarssen et al.,
2000), is detected in almost all the samples, indicating a contribution
from vascular plants to the OM. Retene and simonellite derived from
gymnosperms (Simoneit et al., 1986; Hautevelle et al., 2006) and
possibly from algae (Wen et al., 2000; Armstroff et al., 2006) show very
low abundances in the samples, indicating a negligible contribution
from gymnosperms. Furthermore, the low concentrations below the
detection line of ip-iHMN possibly derived from terrigenous higher
plants (Ellis et al., 1996), further indicates the small contribution from

Fig. 7. Cross plots of Tmax vs. (a) hydrogen index and vs. (b) S2/S3 indicating the kerogen type of the sediments from the Shizigou Formation in the Yiliping
Depression, Qaidam Basin, China.
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terrigenous higher plants to the OM. The lowHPI and HPP values further
support the above conclusion.

Although the exclusive angiosperm origin of 1,2,7-TMN and terres-
trial higher plants (conifer and angiosperms) origin of 1,2,5-TMN were
questioned (Strachan et al., 1988; Armstroff et al., 2006; Ellis et al.,
1996; Grice, 2001), they are still used as indicators of angiosperm and
terrestrial higher plants inputs, respectively. TMNs' abundances are low
in all aromatic hydrocarbon fractions, indicating that terrestrial higher
plants made little attribution to the OM (Fig. 5). Moreover, the linear
relationship observed between log (1,2,7-TMN/1,3,7-TMN) and log
(1,2,5-TMN/1,3,6-TMN) (Fig. 9a) might indicate that angiosperms are
the primary source of the (small amount of) terrestrial higher plants in
the samples, which is consistent with the observation of ulminite B
(Sýkorová et al., 2005).

Budzinski et al. (1995) proposed that 9-MP and 1-MP are associated
with type Type II to I kerogens and type III kerogen, respectively.
Moreover, 1,7-DMP and retene are linked to conifers (van Aarssen et al.,
2000; Grice et al., 2005). The cross plots of log (1-MP/9-MP) vs. log
(1,2,5-TMN/1,3,6-TMN) (Fig. 9b) and log (Retene/9-MP) vs. log [1,7-
DMP/(1,3- + 3,9- + 2,10- + 3,10-DMP)] (Fig. 9c) indicate a low
terrestrial OM contribution, as most studied samples are located in the
left bottom quadrants. This result is further supported by the low con-
centrations of other compounds indicative of terrigenous higher plant
input including naphthalene, TMPs, chrysene, perylene, cadalane, 9- +
2-Mrets, pyrene, fluoranthene, benzo[a]pyrene, benzo[e]pyrene, benzo
[b]fluoranthene, etc. (Chaffee and Johns, 1983; Chaffee and Fookes,
1988; Otto and Wilde, 2001; Haberer et al., 2006; Romero-Sarmiento
et al., 2011; Huang et al., 2015).

In summary, aromatics evidence indicates that terrestrial higher
plants, primarily angiosperms, contribute little to the OM in all samples.

5.3. Depositional setting

The OM was deposited in a terrestrial, silicate-dominated environ-
ment, which is supported by a high abundance of C30 αβ hopane as
compared to C29 αβ hopane (Peters et al., 2005). This is consistent with
the low C22/C21 and high C24/C23 Tri ratios (Fig. 10a; Table 3), which
indicate non‑carbonate compositions of the analyzed samples. However,
the C26/C25 Tri vs. C31 22R/C30 αβ hopane ratios (Fig. 10b; Table 3) of
the studied samples are distributed in the areas of marl, carbonate and
marine shale (Peters et al., 2005). This contradiction actually suggests
that the mudstone, composed of carbonate and marlstone matrix,
formed in a closed basin with no significant surface outlets, under very
arid depositional conditions (Goodarzi, 2020b).

The clay-bearing sediments are supported by the cross plot of C27–29
sterane concentrations in comparison to C21–22 steranes vs. C27 regular
steranes compared to C27 diasteranes (Table 3; Fig. 11) (Qiao et al.,
2021b; Zheng et al., 2022). Although αβ homohopane is detected only in

some samples owing to the low maturity, the gradual decreasing trend
from C31 to C35 αβ hopanes illustrates clastic facies (Fig. 3c and d) (Qiao
et al., 2021b). Additionally, the presence of 4-methylsteranes indicates
lacustrine sedimentary environments (Riboulleau et al., 2007). The
lower abundance of MDBTs compared to DBF (Hughes, 1984) and MPs
(Radke et al., 2000) also supports the non-marine water conditions for
the examined samples, which is consistent with the absence of anthra-
cene and benzo[a]anthracene (Huang et al., 2015).

5.3.1. Paleoredox conditions
The preservation of OM in depositional environments is controlled

not only by paleosalinity, but also by paleoredox conditions. The latter
can be assessed using the triangular diagram of TOC-TS‑iron (Fig. 12a),
which indicates that the majority of samples were formed under an
oxygen-rich environment with few high TOC samples, from the Y 3 well
deposited under dysoxic bottom water conditions. The paleoredox
conditions during the Pleistocene and late Neogene sediments were
basically similar.

Paleoredox conditions can be also interpreted by Pr/Ph ratios (Didyk
et al., 1978; Liu et al., 2022; Wu et al., 2022; Zheng et al., 2022), with
values >3 interpreted as oxic environments above the sediment/water
interface, often associated with substantial contributions from higher
plants. Values <0.8 indicate anoxic bottom waters usually associated
with abundant algae or bacteria. Very low values are typical of salty or
carbonate sedimentary environments (Didyk et al., 1978). According to
this parameter, the most reducing conditions prevailed during deposi-
tion of some samples with high TOC content from the Y 3 well, while the
rest and major part was formed under dyoxic or suboxic environments
(Fig. 13). However, there are other factors that affect the accuracy of the
interpretation based on Pr/Ph, such as different precursor material
rather than the phytol side-chain in chlorophyll (e.g., halophilic bacte-
ria; see Ten Haven et al., 1987) and also too low thermal maturity which
leads to a lower Pr/Ph (Peters et al., 2005) due to the contribution of
halophilic bacteria to phytane.

The Pr/n-C17 vs. Ph/n-C18 diagram (Fig. 12b) suggests that most
samples were deposited under reducing conditions. For thermally
immature sediments, Pr/n-C17 ratio of <0.5 and >1 typically suggests
deposition in open-water and inland swampy environments, respec-
tively (Samad et al., 2020). The Pr/n-C17 for the studied samples illus-
trates that most investigated samples were deposited under a mixed
environment, while some samples with high TOC content, i.e., some
from the Y 3 well located in the margin of the sag, were deposited in or
close to an inland swampy environment. This conclusion can be sup-
ported by organic petrology as ulminite observed in the samples from
the Y 3 well (Fig. 3a, b, and g) is formed primarily in peat and in limnic
sediments (Sýkorová et al., 2005). Furthermore, the hypersaline envi-
ronments characterized by shallow water columns possess the ability to
foster the growth of microbial mats which have the potential to isolate

Fig. 8. Cross plots of Paq vs. (a) ACL and vs. (b) middle-chain n-alkanes concentration.
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oxygen-rich environments above from oxygen-depleted sediments
below (Pawlowska et al., 2013; Blumenberg et al., 2015; Lee et al.,
2019) and lead to localized reducing conditions in microenvironments
beneath microbial mats (i.e., “mat-seal effect”) (Pawlowska et al., 2013).
Moreover, the interpretation of more reducing conditions is supported
by the presence of halophilic bacteria which contribute to phytane in
hypersaline environments (see 5.3.2) (Ten Haven et al., 1987; Qiao
et al., 2021a). The farnesane (i-C15) and aryl isoprenoids, serving as
indicators of green sulfur bacteria (Summons and Powell, 1987), which

are strictly anaerobic photosynthetic bacteria, show negligible concen-
trations illustrating the non-existence of reducing bottom water condi-
tions. Additionally, oxic conditions are also supported by the relatively
low (S1 + S2)/TOC ratios and S2/S3 ratios (Table 1) (Kumar et al., 2021).

In summary, the paleoredox conditions of the water column were
oxic in most cases, but some samples with high TOC content from the Y 3
well were deposited under dyoxic conditions within the study area.

5.3.2. Paleosalinity
The increase in water salinity generally has an adverse impact on

biodiversity, while simultaneously favoring the preservation of OM
following deposition (Romero-Viana et al., 2012; Qiao et al., 2021a and
b).

The analysis of the TOC/TS ratio (Fig. 13a) (Berner and Raiswell,
1984) reveals that the studied samples were predominantly deposited in
saline to the hypersaline environments. It is observed that many late
Neogene samples are positioned to the left of the TOC/TS = 0.5 line
(Fig. 13a), while the majority of the Pleistocene samples are located to
the right of the line (Fig. 9a in Qiao et al., 2021a), indicating that the
paleosalinity during deposition of the late Neogene sediments was
higher than during the Pleistocene in the lake. This finding is corrobo-
rated by biomarkers, which indicate a hypersaline environment char-
acterized by high ratios of Gamm/C30 (αβ + ββ) hopane (Fig. 13b;
Table 3). Additionally, a high ETR is indicative of reducing situations
and/or high salinity conditions in the water column, and an indicator of
algal contribution to primary productivity (Hao et al., 2009; Hao et al.,
2011; Volkman et al., 2015). For the studied sample, the high values of
ETR are primarily attributed to the high salinity in the water column
because of the dyoxic condition in the aquatic environment as
mentioned above (Fig. 13b). The appearance of β-carotane has been
widely recognized as a reliable marker for high salinity conditions
(Peters et al., 2005; Liu et al., 2023b). However, the studied samples
show a low abundance of β-carotane which might be due to the low
maturity. In addition, C30 lanostane can be identified, which is inductive
of high salinity conditions. Additionally, the high HD/D ratio further
supports the inference of high salinity in the studied samples (Fan et al.,

Fig. 9. Cross plots of (a) log (1,2,7-TMN/1,3,7-TMN) vs. log (1,2,5-TMN/1,3,6-TMN), (b) log (1,2,5-TMN/1,3,6-TMN) vs. log (1-MP/9-MP), and (c) log (1,7-DMP/
(1,3- + 3,9- + 2,0- + 3,10-DMP)) vs. log (Retene/9-MP) of the sediments from the Shizigou Formation in the Yiliping Depression, Qaidam Basin, China.

Fig. 10. Cross plots of (a) C22/C21 vs. C24/C23 tricyclic terpane and (b) C26/C25 tricyclic terpane vs. C31R/C30 hopane of the sediments from the Shizigou Formation in
the Yiliping Depression, Qaidam Basin, China (modified after Peters et al., 2005).

Fig. 11. Cross plot of C27 diasteranes/regular steranes vs. C21–22/C27–29 ster-
anes, showing the depositional setting for the sediments from the Shizigou
Formation in the Yiliping Depression, Qaidam Basin, China.
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1991; Al-Arouri et al., 1998). Furthermore, the MTTC ratio (α-MTTC/
total-MTTCs) serves as a reliable indicator of paleosalinity (Schwark
et al., 1998) with ratios of <0.5 and >0.5 indicating hypersaline and
mesosaline environments, respectively (Schwark et al., 1998). In
conjunction with the value of Pr/Ph, Fig. 14a indicates that the studied
samples from the H 1 well were mainly deposited under a mesosaline
environment, while the samples from the Y 3well were primarily formed
under conditions with salinity similar to that of a normal marine envi-
ronment (Peters et al., 2005). The same results can be drawn from the
relationship between DBT/PHE and Pr/Ph (Fig. 14b). The detectable
hop-17 (21)-enes also indicate the prevalence of hypersaline conditions
because they are minor to absent in sediments formed under normal
salinity (Riboulleau et al., 2007).

The difference in paleosalinity between samples from the H 1 well
and Y 3 well can be further supported by the molecular maturity-related
parameters because paleosalinity conditions of water columns play a
crucial role in influencing these parameters. It has been observed that
immature extracts from hypersaline rocks exhibit a higher thermal
maturity stage in the molecular maturity-related parameters of ββ/(ββ +

αα) and ααα20S/(20S + 20R) steranes, as well as 22S/(22S + 22R)
hopanes (Fig. 15a; Table 3) (Ten Haven et al., 1986; Rullkötter et al.,
1994). The TAS cracking ratio (i.e., (C20 + C21)/(C20 + C21 + C26 + C27
+ C28)) and C20/(C20 + C28 (20R)) TAS ratio are commonly used as
maturity indicators (Hegazi and El-Gayar, 2009; Thompson-Butler et al.,
2019), indicating the immaturity for the most samples (Fig. 15b).

However, as the aforementioned aliphatic hydrocarbonmaturity-related
parameters, the samples from hypersaline rocks show a higher thermal
maturity stage (Fig. 15b). It should be noted that the difference in
paleosalinity between samples from the H 1 well and Y 3 well is
consistent with the lithologic composition of the samples, i.e., the
samples from the H 1 well contain more carbonates (Figs. 10a and 11).

DBTs, DBFs, and Fs (Fig. 16) could be formed by reactions of
biphenyl or methyl substituted biphenyls with surface active sulfur,
oxygen, andmethylene species on carbon surfaces (Asif et al., 2010). It is
suggested that DBTs are abundant in source rocks deposited in saline
water, compared to their oxygen-heterocyclic counterparts DBFs, which
tend to prevail in freshwater (Pu et al., 1990; Fan et al., 1991). The
brackish/hypersaline vs. lacustrine situation can be evaluated by the
triangular diagram of Fl-DBF-DBT (Fig. 16). Considering the oxygen-rich
depositional environment for the samples from the H 1 well, the trian-
gular diagram indicates that the paleosalinity for the H 1 well was high.
Due to the rise of the Qinghai-Tibetan Plateau, the Qaidam Basin
experienced a prolonged period of drying and cooling during the
Cenozoic era (Zhuang et al., 2011; Cai et al., 2012; Zhang et al., 2013),
which facilitated the development of shallow-water evaporitic envi-
ronments, where the OMwas primarily composed of microbial and algal
organisms (Warren, 1986; Goodarzi, 2020b). Moreover, the elevation of
the East Qinghai-Tibetan Plateau has reached more than 4 km since the
Neogene (Ding et al., 2022). A lake that can sustainably survive must
receive additional water inflow, either due to rainfall, from rivers or

Fig. 12. (a) Ternary diagram of the relative concentration of TOC-TS‑iron and (b) cross plot of pristane/n-C17 vs. phytane/n-C18 showing paleoredox conditions for
the sediments from the Shizigou Formation in the Yiliping Depression, Qaidam Basin, China.

Fig. 13. Cross plots of (a) TS vs. TOC and (b) extended tricyclic terpane ratio vs. gammacerane/C30 αβ hopane indicating paleosalinity conditions for the sediments
from the Shizigou Formation in the Yiliping Depression, Qaidam Basin, China.
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glacial meltwater. These sources of freshwater can alter the lake's
salinity, resulting in a situation where the marginal and shallower areas
receive freshwater from rivers and meltwater, while the central and
deeper sections are more saline and potentially stratified. In view of the
altitude, it is unlikely that in the enhanced salinity is a result of marine
transgression.

Generally speaking, the samples from the H 1 well (the central area)
were deposited under higher paleosalinites (mesosaline) than the sam-
ples from the Y 3 well (the marginal area). However, even there salin-
ities were significantly higher than in “normal” freshwater.

It should be emphasized that the Pleistocene samples show lower
DBT concentrations compared to the late Neogene samples (Fig. 9a in
Qiao et al., 2021a), indicating differences in paleosalinity between the
late Neogene and the Pleistocene sediments mentioned above. The
higher paleosalinity might be the reason for the lower degree of
biodegradation in the OM (see section 5.4) (Grassia et al., 1996).

5.4. Evidence of biodegradation

The occurrence of biodegradation in OM within sediments is
fundamental to assessing the potential for microbial gas generation.
Although there is some indirect evidence that biodegradation has
occurred, such as low HI and CPI24–34 values, more direct evidence
needs to be provided. On the one hand, there is a discrepancy between
the strong input from algae and bacteria (based on biomarker data) and
comparatively low HI values. While hydrogen-rich algae are supposed to
be resistant to degradation (Derenne et al., 1990; Derenne et al., 1991),
it is known that degradation can reduce HI values significantly (Horsfield et al., 1994). Consequently, the algae in these samples might

Fig. 14. Cross plots of (a) pristane/phytane vs. methyltrimethyltridecylchroman (MTTC) ratio and of (b) dibenzothiophene/phenanthrene ratio vs. pristane/phytane
ratio, reflecting depositional environment of the sediments from the Shizigou Formation in the Yiliping Depression, Qaidam Basin, China.

Fig. 15. Thermal maturity indicators of (a) C29 ααα 20S/(20S + 20R) vs. C29 ββ/(ββ + αα) steranes and (b) (C20 + C21)/(C20 + C21 + C26 + C27 + C28) vs. C20/(C20 +

C28 (20R)) triaromatic steroids.

Fig. 16. Relative proportions of fluorene (FL), dibenzofuran (DBF), and
dibenzothiophene (DBT) indicating paleosalinity conditions for the sediments
from the Shizigou Formation in the Yiliping Depression, Qaidam Basin, China.
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be biodegraded. On the other hand, Fig. 3a and b shows a transition
occurred from ulminite to bituminite (very dark huminite), which might
indicate degraded humic matter in terrestrial environments (Kus et al.,
2017).

The primary stages of biodegradation (rank 1–2) are characterized
by the preferential removal of n-alkanes ranging between C8 and C12
(Peters et al., 2005). The heavy degree (rank 3) of biodegradation of OM
is characterized by the complete absence of n-alkanes <C16 while the
complete depletion of n-alkanes ranging from<C15 to C35 is inductive of
severe microbial degradation (rank >3) (Peters et al., 2005). The sam-
ples from the H 1 well show sparse concentrations of n-alkanes with a
chain length of less than 16, while those from the Y 3 well show
nonexistence of n-alkanes with a carbon number less than 15. These
observations signify a moderate (rank 2) to heavy level of biodegrada-
tion for the studied samples. In addition, isoprenoids, such as nor-
pristane, Pr and Ph, show high concentrations in the studied samples,
which indicates that isoprenoids are not affected by biodegradation and
the level of biodegradation is smaller than 5, as complete consumption
of isoprenoids occurs at ranks >4. Furthermore, the presence of unre-
solved complex mixture (UCM) in the total ion chromatogram (TIC)
(Fig. 4a and b) readily indicates the occurrence of biodegradation
(Blumer et al., 1973; Peters et al., 2005).

Moreover, the C29 NH/C30 αβ hopane ratios exceeding 0.10 in 50% of
the samples suggest heavy to severe biodegradation (4< rank <5) in
these samples. In light of the aforementioned evidence, it can be inferred
that the degradation of the OM is rated at a level of 3 to 4 in the study
area. Additionally, alkylated PAH isomers show a varying susceptibility
to biodegradation, which generally decreases with the increase in the
number of alkyl substituents (Peters et al., 2005). The dimethylnaph-
thalene ratio, trimethylnaphthalene ratio, and tetramethylnaphthalene
ratio support that the degradation levels are smaller than 4 in most cases
(Table 4) (Peters et al., 2005). The degree of the OM degradation in the
Pleistocene sediments was not assessed by Qiao et al. (2021a). However,
based on the higher C29 NH/C30 αβ hopane ratios in the Pleistocene
samples, it is assumed that the degree of the OM biodegradation in the
late Neogene sediments is lower compared to that in the Pleistocene
samples. In summary, considering the geologic conditions including low
thermal maturity, origin of OM, and sedimentary environment, there is
clear evidence of biodegradation in the late Neogene sediments similar
to that in the Pleistocene Qigequan Formation, which is the most
important target for microbial gas exploration and exploitation (check
Qiao et al., 2021a and 2022 for detail). Probably, the late Neogene
Shizigou Formation in the Yiliping Depression has also substantial po-
tential for microbial generation.

6. Conclusions

The new elemental, organic geochemical and petrographic data
gleaned from the late Neogene Shizigou Formation of the Qaidam Basin
in China supply significant insights encompassing the depositional
environment, biological sources, and the level of biodegradation of
organic matter (OM). These findings contribute to the existing geolog-
ical knowledge of the region and offer pertinent implications for the
further exploration of microbial gas.

(1) During the late Neogene period, the Qaidam Basin witnessed the
deposition of prospective microbial gas source rocks character-
ized by low-moderate total organic carbon (TOC) content. In the
marginal area around the Y 3 well, a salinity similar to normal
marine conditions developed, with the presence of dysoxic (the
samples with high TOC content) to oxic bottom-water conditions.

In contrast, in the area of the H 1 well a mesosaline environment
prevailed characterized by the presence of oxic bottom-water
conditions. Water stratification did not exist and thus no persis-
tent anoxic bottom water layer developed. Generally, the salinity
of the late Neogene lake was higher than that of the Pleistocene
lake.

(2) At the margin of the depression around the Y 3 well both high
TOC and low TOC samples occur. The former are primarily
composed of a combination of huminite, semifusinite, fusinite,
resinite, sporinite, lamalginite, and liptodetrinite. In contrast, the
samples with low TOC content from both the Y 3 and H 1 wells
have a simpler maceral composition consisting of huminite,
lamalginite, and liptodetrinite. The petrographic data indicate
predominance of higher plant material for the TOC-rich samples,
and less higher plant contribution for the TOC-lean samples from
both the Y 3 and H 1 wells. Most of the samples are thermally
immature. Themolecular data indicate that the biological sources
of the OM in the central area of the depression (the H 1 well) were
relatively uniform, i.e., mainly saltwater algae and bacteria,
while the OM origin in the marginal area of the depression is
more diverse, including algae, bacteria, and various aquatic
higher plants (in the Y 3 well). Terrestrial higher plants, primarily
angiosperms, contribute little to the OM in all samples based on
biomarker data. The late Neogene Shizigou Formation exhibits a
prominent occurrence of emergent macrophytes but a reduced
abundance of lower aquatic organisms (algae) compared to the
Pleistocene Qigequan Formation.

(3) While the Shizigou Formation possesses a lower potential for
hydrocarbon generation and shows a lower degree of biodegra-
dation in OM compared to the Pleistocene Qigequan Formation,
there is nevertheless a significant potential for microbial gas
generation due to the great thickness of the layer and the rapid
deposition in the Yiliping Depression.
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Terpanes (m/z 191)

Peak Abbreviation Biomarker

A C19 Tri C19 tricyclic terpane
B C20 Tri C20 tricyclic terpane
C C21 Tri C21 tricyclic terpane
D C22 Tri C22 tricyclic terpane
E C23 Tri C23 tricyclic terpane
F C24 Tri C24 tricyclic terpane
G C25 Tri C25 tricyclic terpane
H C24 TeT C24 tetracylic terpane

I
C26 Tri R C26 R tricyclic terpane
C26 Tri S C26 S tricyclic terpane

J C28 Tri R C28 R tricyclic terpane
C28 Tri S C28 S tricyclic terpane

K C29 Tri R C29 R tricyclic terpane
C29 Tri S C29 S tricyclic terpane

1 Ts C27 18α (H) -22,29,30-trisnorneohopane
2 Tm C27 17α (H) -22,29,30-trisnorhopane
3 βTm C27 17β (H) -22,29,30-trisnorhopane
4 C29 NH C29 17α (H),21β (H)-25-norhopanes
5 C29 neoH C29 neohop-13 (18)-ene
6 C29 αβ hopane C29 17α (H),21β (H)-30-norhopane
7 C29 Ts C29 18α (H) -30-norneohopane
8 C30 H 17 (21) C30 hop-17 (21) -ene
9 C29 βα hopane C29 17β (H),21α (H) -norhopane
10 Ole Oleanane
11 C30 αβ hopane C30 17α (H),21β (H) -hopane
12 C30 neo hopane C30 neohop-13 (18) -enes
13 C29 ββ hopane C29 17β (H),21β (H) -norhopane

14 C31 αβ hopane S C31-17α (H),21β (H),22S-homohopane
C31 αβ hopane R C31-17α (H),21β (H),22R-homohopane

15 Gamm Gammacerane
16 C30 ββ hopane C30 17β (H),21β (H) -hopane

17
C32 αβ hopane S C32 17α (H),21β (H),22S-homohopane
C32 αβ hopane R C32 17α (H),21β (H),22R-homohopane

18 C31 ββ hopane C31 17β (H),21β (H) -homohopane

19 C33 αβ hopane S C33 17α (H),21β (H),22S-homohopane
C33 αβ hopane R C33 17α (H),21β (H),22R-homohopane

20 C32 ββ hopane C32 17β (H),21β (H) -homohopane

21
C34 αβ hopane S C34 17α (H),21β (H),22S-homohopane
C34 αβ hopane R C34 17α (H),21β (H),22R-homohopane

22
C35 αβ hopane S C35 17α (H),21β (H),22S-homohopane
C35 αβ hopane R C35 17α (H),21β (H),22R-homohopane

Steranes (m/z 217)

Peak Abbreviation Biomarker

a Pregnane 5α,14β,17β (H) -pregnane (diginane)
b Homopregnane 5α,14β,17β (H) -homopregnane (20-methyldiginane)
c C27 ααα20S 20S-5α (H), 14α (H), 17α (H) -cholestane
d C27 αββ20R 20R-5α (H), 14β (H), 17β (H) -cholestane
e C27 αββ20S 20S-5α (H), 14β (H), 17β (H) -cholestane
f C27 ααα20R 20R-5α (H), 14α (H), 17α (H) -cholestane
g C28 ααα20S 20S-24-Methyl-5α (H), 14α (H), 17α (H) -cholestane
h C28 αββ20R 20R-24-Methyl-5α (H), 14β (H), 17β (H) -cholestane
i C28 αββ20S 20S-24-Methyl-5α (H), 14β (H), 17β (H) -cholestane
j C28 ααα20R 20R-24-Methyl-5a (H), 14a (H), 17a (H) -cholestane
k C29 ααα20S 20S-24-Ethyl-5α (H), 14α (H), 17α (H) - cholestane
la C29 αββ20R 20R-24-Ethyl-5α (H), 14β (H), 17β (H) -cholestane
m C29 αββ20S 20S-24-Ethyl-5α (H), 14β (H), 17β (H) - cholestane
n C29 ααα20R 20R-24-Ethyl-5α (H), 14α (H), 17α (H) -cholestane
a 24-Ethyl-5β (H), 14β (H), 17β (H) -cholestane exists and co-elutes with peaks labeled by l.
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