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Abstract: Although there are many studies on the Jurassic source rocks in the northern margin of
the Qaidam Basin, the characteristics of biomarkers and products with the same source rock in
different evolutionary stages are still not well understood. Such an understanding is essential for
accurately estimating oil and gas resources. In order to explore the hydrocarbon-generation potential
of high-quality source rocks of the Middle Jurassic and the evolution of liquid hydrocarbons and
biomarkers, we carried out simulation research (under hydrous conditions) at various temperatures
(250, 300, 350, 400 and 450 °C) with the mudstone of the Yu 33 well in the Yuka Sag. The results
revealed that the “oil window” of the Middle Jurassic source rocks in the Yuka area was 300 °C
(simulation temperature, Ro = 0.84%), but this was not the peak of hydrocarbon expulsion, which
was gradually reached and stabilized above 350 °C. Overall, the concentration of alkanes and
aromatics increased with temperature; although the concentration of alkanes was complex in the
low evolutionary stages, temperature (simulated maturity) was still the main factor controlling
the change in alkanes and aromatics. Among the maturity parameters of biomarkers, the ratio of
Y tricyclic terpanes/)_hopanes was the most effective parameter for indicating the maturity evolution
of the Yuka area, but others were complicated by the increasing temperature. Therefore, when
evaluating maturity, the applicability of other parameters needed to be fully considered. The results
obtained offer new insights in the research on liquid-hydrocarbon and biomarker evolution of the
Middle Jurassic source rocks in the Yuka Sag of the Qaidam Basin.
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1. Introduction

Most commercial hydrocarbons are generated by the thermal transformation of kero-
gen during the burial of source rocks [1,2]. Since the temperature can compensate for the
geological effect of time on the hydrocarbon generation of organic source rocks [3,4], the
simulation experiment has become an important part of organic geochemistry research.
During the past decades, hydrocarbon-generation thermal-simulation experiments have
become common methods to solve fundamental issues, such as the evaluation of resid-
ual oil in rich source rocks and their hydrocarbon-expulsion efficiency [2,5-15]. Currently,
source-rock thermal-simulation experiment is the primary means and basis for hydrocarbon
evolution and resource evaluation [8,16]. According to the degree of closure of the system,
hydrocarbon-generation-simulation experiments are generally divided into three types,
including open system, closed system and semiclosed system [6,17-19]. Among these,
the closed system has become one of the principal methods for quantitative evaluation of
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source rocks, since it can simulate hydrocarbon generation in different evolutionary stages,
as well as the maximum amount of gas in the source rock [2,6,11]. Since Lewan et al. [2] first
applied the hydrous-thermal-simulation experiment, this method has begun to consider
the control effect of the water medium and minerals on oil and gas generation in the actual
geological process. At present, it is generally believed that the thermal evolution obtained
with the hot-pressure-simulation experiment under the water-medium condition is closer
to the natural evolution [12,14,19,20].

Biomarkers [21,22] are molecular fossils with complex organic compounds composed
of carbon, hydrogen and other elements. These compounds originate from formerly
living organisms. They occur in modern and ancient sediments, crude oil and natural
gas, and show little or no change in structure from their parent organic molecules in
living organisms [23]. In addition, they are stable in the process of organic-matter (OM)
evolution, not only retaining all or most of the original carbon skeleton of their natural
product, but also recording the special molecular-structure information of the original
organisms [24,25]. Therefore, biomarkers can provide rich geochemical information for oil
and gas research [22]. Since the advancement of gas chromatography—mass spectrometry
(GC-MS) and biomarker methods, they have become widely used in the study of source-
rock thermal-simulation experiments [12,14,20,23,26-31]. It is generally known that
biomarker compositions are not only controlled by OM types, but also related to ther-
mal maturity and source-rock lithology. In different thermal-evolutionary stages, the same
source rock releases different concentrations of biomarkers. Consequently, the oil-source
correlation and sedimentary environment can be discussed through the combination of
characteristics of biomarkers [23].

The Jurassic source rocks in the northern margin of the Qaidam Basin are the main
hydrocarbon-generating strata of the basin, involving numerous oil and gas reservoirs [32-36].
In the past, most studies on the source rocks of the northern margin of the Qaidam Basin
mainly focused on the OM type, maturity, sedimentary organic facies, original environ-
ment, sedimentary reservoir and rock characteristics [33,37—42]. Nevertheless, there are
few studies on the characteristics of biomarkers and products with the same source rock
in different evolutionary stages, which hinders the study of the oil- and gas-generated
mechanisms and the oil-and-gas—source correlation. In this research, a hydrous pyrolysis
experiment was carried out using the high-quality source rocks of the Middle Jurassic
in the northern margin of the Qaidam Basin. Meanwhile, liquid products and residual
extracts from the experiment were analyzed with GC-MS to explore the characteristics of
liquid-hydrocarbon production and the evolution of the biomarkers in diverse stages of
thermal evolution.

2. Geological Settings

The Qaidam Basin, located in the northeast of the Qinghai-Tibet Plateau
(35°00'-39°20" N; 90°16'-99°16’ E; Figure 1a), is a typical inland closed arid basin and is the
highest among the four major basins in China (its altitude is approximately 2600-3500 m) [43].
With a slightly irregular rhombus shape, the Qaidam Basin is surrounded by the Kunlun
Mountains, Altun Mountains and Qilian Mountains (Figure 1b), and covers an area of
approximately 12.1 x 10* km? [44]. Based on the basement characteristics, stratigraphic
distribution, style of structural deformation, basin-evolution features and distribution of
petroleum systems, the basin can be structurally divided into three tectonic units, namely,
the northern fault-block belt, the western depression and the eastern depression [36]
(Figure 1b). The Jurassic petroleum system in the northern margin of the Qaidam Basin is
one of the three major petroleum systems of the Qaidam Basin [36,45,46]. It is the secondary
structural unit of the northern fault-block belt, and mainly includes the west of the Qilian
uplift, east of the Altun uplift, Maxian uplift, Lenghu structural belt, Eboliang structural
belt, Pingdong Sag, Kunteyi Sag, Yibei Sag, Saishenteng Sag, Yuka Sag, Hongshan Sag and
other tertiary structural units. The Yuka Sag is located in the middle of the northern margin
of the Qaidam Basin, which is distributed in the northwest direction. It is approximately
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50 km long from east to west and 30 km wide from north to south and, on average, covers
an area of approximately 1500 km? (Figure 1b,c).
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Figure 1. Location and geological features of the Yuka Sag, Qaidam Basin. (a,b) Location of the
Qaidam Basin and distribution of the Qaidam Basin’s northern margin; (c) strata thickness of the
Middle Jurassic in northern margin of the Qaidam Basin; (d) Jurassic lithostratigraphic section of the

Qaidam Basin.

The sedimentary strata developed in the Qaidam Basin include the Jurassic and
Cretaceous of the Mesozoic and the Paleogene, Neogene and Quaternary of the Cenozoic
from bottom to top [47]. The stratigraphic distribution is strictly controlled by its tectonic
evolution and has obvious zoning. The Mesozoic is mainly distributed in the northern
margin of the Qaidam Basin, the Paleogene and Neogene are mainly distributed in the
west and the Quaternary is mainly distributed in the east. According to the characteristics
of surface outcrops, drilling, paleontological data and seismic reflection, the strata of the
Huxishan formation, Xiaomeigou formation, Dameigou formation, Caishiling formation,
Hongshuigou formation and Shiyagou formation are developed in the Mesozoic of the
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northern margin of the Qaidam Basin [41]. The Huxishan formation (J;/), Xiaomeigou
formation (J;x) and the first to third members of the Dameigou formation (J; d1-3) belong
to the Lower Jurassic, the fourth to seventh members of the Dameigou formation (Jod*7)
belong to the Middle Jurassic, the Caishiling formation (Jsc) and Hongshuigou formation
(J3h) belong to the Upper Jurassic and the Quanyagou formation belongs to the Cretaceous
(Figure 1d).

The Middle Jurassic Dameigou formation (J,d), Upper Jurassic Caishiling formation
(J3c), Hongshuigou formation (J3/), Cretaceous Shiyagou formation (K) and Paleogene
Lulehe formation (E;.;) are developed in the Yuka Sag (Figure 1d). During the sedimentary
period of the Middle Jurassic Dameigou formation, the main part of the Yuka Sag was a
shore-shallow-lake sedimentary environment (Figure 1c,d). The lithology is dominated by
black-gray carbonaceous shale and dark gray mudstone, mixed with gray medium sand-
stone and siltstone, and oil shale, which is the main layer of shale oil and gas distribution
in the Yuka Sag, is seen locally. The burial depth of shale in the seventh member of the
Dameigou formation of the Middle Jurassic (Jod”) is less than 2000 m on the whole, and the
average thickness is 55 m.

3. Samples and Methods
3.1. Samples

The samples were gray-black mudstones collected from the core of the Yu 33 well
located in the Yuka area of the northern margin of the Qaidam Basin. They were at depths
of 1470-1475 m and belonged to the 7th member of the Dameigou formation of the Middle
Jurassic (Jod”). Previous studies have suggested that Jod” is the major high-quality source
rock for the Yuka Sag, the major hydrocarbon-generation layer in the northern margin of the
Qaidam Basin [33,37]. The basic geochemical data of samples are shown in Table 1, which
shows that the samples belonged to low-evolution and high-quality source rocks. The
samples had a high abundance of OM (TOC = 6.45%), their hydrogen index (HI) reached
582 mg/g, and their hydrocarbon-generation capacity (PG = 37.91 mg/g) was equivalent
to the I type of OM. The pyrolysis peak temperature (Tmax) and the vitrinite reflectance
(Ro) indicated that the samples were in a low evolutionary stage (immature stage).

Table 1. Basic geochemical data of simulation-experiment sample.

. TOC S S S, PG HI PC D Tmax Ro
Well Lithology %) (mg/g) (mglg) (mglg) (mglg) (mglg) (%) (%) °C (%)
Yu33 Mudstone  6.45 0.06 0.31 37.54 37.91 582 3.15 49 435 0.43

Note: PG =Sy + S + S, HI = S, /TOC x 100, PC = 0.083 x (Sy + Sy +S,) and D = PC/TOC x 100%.

3.2. TOC, Rock-Eval and Vitrinite-Reflectance (Ro) Analyses

The total organic carbon (TOC) content was analyzed with a carbon—sulfur analyzer
(CS-230, LECO, St. Joseph, MI, USA) and tested according to the Chinese national standard
GB/T 19145-2003. The YQ VI manufactured by the Haicheng Petrochemical Instrument
Factory in Haicheng, China was employed in this work for Rock-Eval parameters, whose
operation methods were strictly based on the Chinese national standard GB/T 18602-2012.
The vitrinite reflectance (Ro) was randomly measured under a microscope with an oil-
immersion objective lens using similar equipment to Wu et al. [48]. The refraction index of
the immersion oil was 1.518 at 23 °C. The incident light of a Zeiss Axion Imager microscope
equipped with a tungsten-halogen lamp (12 V, 100 W) and an MPV photometer was
adjusted to a magnification of 500x in a dark room. The analyses of TOC, pyrolysis
and Ro of the initial sample were conducted in the Research Institute of Exploration and
Development, Qinghai Oilfield Company, PetroChina, China.
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3.3. Thermal-Simulation Experiments and Product Collection and Separation

In September 2017, the thermal-simulation experiments were carried out under
hydrous conditions in a closed system. The samples were first ground into meshes
larger than 80, and then 20-50 g of the samples were loaded into an autoclave at dif-
ferent temperatures. After loading the samples, air was removed from the autoclave with a
vacuum pump before it was sealed. The autoclave was then successively heated isother-
mally at each desired temperature (250, 300, 350, 400 and 450 °C) for 72 h. The temperature
of the autoclave was controlled with a thermocouple, calibrated to an accuracy of £1 °C.

At the end of the experiment, the gas and liquid hydrocarbons (expelled oil) were
collected and quantified, after which the residues of the experiment were dried at 50 °C.
The residual samples were extracted using Soxhlet extraction with chloroform to obtain
the extractable organic matter (EOM, i.e., the residual oil) and the residual oil was quanti-
fied. After the asphaltene was precipitated in n-hexane, the soluble fraction was further
separated into saturated hydrocarbons, aromatic hydrocarbons and resin with SiO,/Al,O3
column chromatography using sequential elution with hexane, dichloromethane (DCM)
and methanol (MeOH). Eventually, the separated saturated hydrocarbons and aromatic
hydrocarbons were each subjected to analyses using GC and GC-MS.

3.4. Conditions of GC and GC-MS

A gas chromatography (GC) tool for this study was made by the Agilent company
(Santa Clara, CA, USA) and hydrocarbons were detected with a flame ionization detector
(FID, Kyoto, Japan). The carrier gas was helium (He), and hydrogen gas with compressed
air was used for the FID flame. Initial and final temperatures were 80 and 290 °C, respec-
tively, and a temperature program of 4 °C per minute was applied. The GC-MS tool of
this analysis was composed of one GC tool (Hewlett-Packard 6890N gas chromatograph,
Hewlett-Packard, Palo Alto, CA, USA) and one MS tool (Hewlett-Packard 5973N mass spec-
trometer) with a mass selective detector (MSD). The column was a J&W HP-5 model (Agi-
lent, Santa Clara, CA, USA), 30 m in length and 0.32 mm in diameter, with a film thickness of
0.25 um. The oven temperature started at 80 °C (held for 1 min) and was then increased
to 290 °C at 4 °C/min (held for 30 min). The ion source was at 230 °C and was operated
in the electron-ionization (EI) mode at 70 eV. The types of mass selective detection were
full scan (SCAN) and selected ion monitoring (SIM), and the spectra library of American
NIST05.L (NIST, Gaithersburg, MD, USA) was used.

The compounds were identified using published mass spectra and retention times
based on NIST 08 software (NIST, Gaithersburg, MD, USA). The relative abundances of
compounds were determined from the peak areas in the relevant mass chromatograms.
The quantifications were achieved by comparing peak areas of the target compounds with
that of internal standards. Known concentrations of 1-C18 olefin and D4-C27 cholestane
were used to quantify the saturated fractions, and deuterated dibenzothiophene (D8-DBT)
was used to measure the aromatic fractions [49].

The thermal-simulation experiments, the quantification of experiments’ products and
the biomarker analysis were completed in the Key Laboratory of Petroleum Resources,
Gansu Province.

4. Results and Discussion
4.1. Formation and Quantitative Analysis of Liquid Hydrocarbons
4.1.1. Yield and Composition of Liquid Hydrocarbons

In the thermal-evolution process, OM in the source rocks could not only produce
gaseous hydrocarbons, but also liquid hydrocarbons. The level of liquid hydrocarbons was
a direct indicator of the potential of the source rocks [50]. The liquid hydrocarbons obtained
in the simulation experiment mainly consisted of two parts. One was the expelled oil,
including the condensate discharged with the gas and the light oil attached to the inner wall
of the autoclave. The other was the residual oil, which was part of the liquid hydrocarbons
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remaining in the source rock. The total amount of these two liquid hydrocarbons was the
total oil production of the source rock.

The total oil production varied significantly with different temperatures in the thermal-
simulation experiments (Figure 2). The maximum total oil production peaked at 300 °C,
indicating that the oil-generation reaction of kerogen mainly occurred below 300 °C, and
that 300 °C (Ro = 0.84%) was the main “0il window”. Above 300 °C, the total amount of
oil decreased and the total amount of hydrocarbon gas increased and peaked at 450 °C
(402.70 mL /g TOC). This suggested that the main oil-generating process of the source rocks
of the Middle Jurassic in the Yuka area occurred in a lower evolutionary stage, whose Ro
was in the range of 0.75-0.90% [38]. It is worth noting that the source rock reached the peak
of oil generation at 300 °C, and the total oil production began to decrease along with the
increasing temperature. Meanwhile, the increasing production of gaseous hydrocarbons
was related to the decrease in liquid-hydrocarbon production. This was possibly due to
the obvious breaking of carbon-carbon bonds and the cracking of liquid hydrocarbons
generated during the high evolutionary stage, at which point the macromolecular liquid
hydrocarbons (asphaltenes) were converted into heavy hydrocarbon gases [51].
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Figure 2. The diagram of simulated products: (a) changes in total oil production and total
hydrocarbon-gas production during the simulation experiment and (b) comparison of total hy-
drocarbon, expelled oil and remaining oil.

Compared to the relationship between total oil production, residual oil and expelled
oil during all experiments, we found that a considerable part of the oil was left in the
rock sample before the peak of the oil generation (Figure 2). The amount of residual
oil was higher at 250 °C and 300 °C, which accounted for 57.7% and 35.6% of the total
oil production, respectively. Above 300 °C, the residual oil obviously reduced and was
equivalent to the total oil production of 15.6-24.8%. Therefore, our results suggested that
the Middle Jurassic source rocks in the Yuka area of the northern margin of the Qaidam
Basin had very low hydrocarbon-expelling efficiency in the low evolutionary stage, while a
large number of hydrocarbons were expelled in the high maturity stage.

4.1.2. Quantitative Analysis of Saturated and Aromatic Hydrocarbons

During the simulation experiment, the concentration of the alkane series did not
show a flat increasing trend with the elevated temperature (Figure 3). It fluctuated in
the low evolutionary stage (250-350 °C), while it enhanced rapidly and was positively
correlated with the increasing temperature above 350 °C. The variation in the aromatics’
concentrations in the simulated experimental products showed a two-stage characteristic:
a regular increase followed by a decrease. The concentration of aromatic hydrocarbons was
significantly lower in the range of 250-300 °C and the aromatic series was lower than the
alkane series, which indicated that the better the OM type, the lower the aromatic content
(Table 1; Figure 3) during the “oil window” (300 °C, Ro = 0.84%). When the simulation
temperature was less than 400 °C, the concentration of aromatics showed an increasing
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tendency with the elevated temperature, and reached its maximum value (271.50 ug/mg)
at 400 °C. However, the aromatic concentration decreased rapidly above 400 °C (Figure 3).

300
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<
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Figure 3. The distribution of alkanes and aromatics with increasing temperature.

Some of the special aromatic hydrocarbons, such as the dibenzofuran series (DBFs),
fluorene series (Fs), biphenyl series (Bis), anthracene, benzanthracene, fluoranthene and
pyrene, had similar tendencies (Table 2). When the temperature was less than
300 °C, the concentration of these special aromatics was low and stable; when it was
higher than 300 °C, their concentrations increased rapidly. Many aromatics could be syn-
thesized with the enhancement of dehydrogenation and aromatization during the higher
evolutionary stages [51,52]. Therefore, the maturity was an important factor in controlling
the aromatic hydrocarbon concentration and composition characteristics of the OM.

Table 2. Characteristics of concentration distribution of alkanes and aromatics in simulated experi-
mental products.

Temperature Ro Isoprenoids n-Alkanes Nas Phs DBFs Fs Bis An Be F1 Py
©Q) (%) (ug/mg)
Unheated 0.45 10.53 137.41 26.46 1.89 1.74 1.69 2.23 0.19 0.01 0.14 0.12
250 0.67 0.74 42.41 8.84 1.15 0.53 0.43 0.49 0.09 0.05 0.04 0.06
300 0.84 0.70 55.82 18.96 2.89 0.69 0.61 0.76 0.29 0.15 0.09 0.26
350 1.21 1.49 34.64 126.33 19.29 4.54 4.74 7.73 2.74 1.02 1.07 3.14
400 1.66 2.84 81.25 107.78 92.41 9.73 18.36 6.97 13.66 3.83 8.10 13.20
450 2.29 6.21 168.84 102.08 18.16 4.26 7.26 7.87 1.85 0.45 2.10 2.89

Note: Alkanes = isoprenoids + n-alkanes, Nas = naphthalene series, Phs = phenanthrene series, DBFs = dibenzofu-
ran series, Fs = fluorene series, Bis = biphenyl series, An = anthracene, Be = benzanthracene, Fl = fluoranthene
and Py = pyrene.

4.2. Evolution Characteristics of Biomarkers
4.2.1. N-Alkanes and Isoprenoids

The carbon number of the experimental sample was distributed from nCy to nC4; and
the main peak carbons were nCy5 and nCps, showing a characteristic of a double hump
(Figure 4). As the degree of thermal evolution increased (as the simulation temperature
increased), the carbon-number distribution range became narrower, the main peak carbon
shifted forward significantly, and the peak shape changed from the double hump to the
former hump. Above 350 °C, the main peak-carbon change was not obvious (essentially
from nCj, to nCy3). The carbon-preference index (CPI) of the original samples (unheated)
was 1.65, suggesting that they were immature, which was consistent with the vitrinite-
reflectance (Ro) results (Table 1). As shown in Table 3, the variation in the odd-evenness of
the n-alkanes had good regularity. When the simulation temperature reached 300 °C, the
CPI of the n-alkanes was 1.17, indicating that the odd-carbon advantage of the n-alkanes
had essentially disappeared and that the OM in the source rocks had matured. Above
300 °C, the CPI was approximately 1.00 and it did not change significantly.
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Figure 4. The biomarker characteristics of different simulation-experiment temperatures.
Table 3. Composition characteristics of biomarkers in simulated experimental products.
Temperature Ro Pr/ Pr/ Ph/ CPI YnCy—/ C9T/  CyTe/ CyoTs/ diaCH/CoH CyH/ )Y Pregnanes/ Cyaxaxa20R/
[{e) (%) Ph nCyy nCig YnCypt CpuT  CuT  CypH 30TH-30TE 5 H Y Steranes Cp9 xxx20R
Unheated 0.45 1.92 0.49 0.27 1.65 0.41 0.15 0.82 0.35 0.14 0.73 0.07 0.81
250 0.67 1.14 0.16 0.12 1.25 0.35 0.18 0.79 0.27 0.12 0.89 0.05 0.73
300 0.84 1.05 007 0.4 117 0.26 120 075 013 0.06 1.01 0.11 0.62
350 1.21 0.93 0.24 0.33 1.06 8.04 0.97 0.93 0.08 0.04 1.35 0.18 0.74
400 1.66 1.07 0.09 0.10 1.04 3.61 0.84 1.03 0.35 0.13 0.69 0.23 0.63
450 2.29 1.34 0.15 0.26 1.03 28.57 0.70 0.97 0.33 0.12 0.68 0.21 0.86

The Y nCy ~ /Y nCp* ratio of the original sample was 1.53, revealing a clear low-
carbon advantage, which was the result of the significant number of planktons that were
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deposited [27,28]. As the temperature increased, the ratio generally decreased at first and
then increased. Before the simulation temperature reached 350 °C, the ratio had already
increased to 8.04; subsequently, it continued to increase rapidly. This was possibly mainly
due to the fact that as the temperature continued to rise, the source rocks exhibited intense
demethylation of their hydrocarbons, carbon-chain cleavage and ring opening of their
naphthenes and produced large amounts of gaseous hydrocarbons, which increased the
abundance of the relative low-carbon n-alkanes [1,28,53].

Pristane (Pr) and phytane (Ph) are usually considered to be the products of the di-
agenesis of the phytyl side chain of chlorophyll [54]. Reducing conditions are favorable
for the formation of phytol in the side chain of the phytyl and, finally, the formation of
phytane, while the oxidative conditions promote the preferential conversion of phytol
to pristane. Therefore, Pr/Ph can clearly reflect the redox conditions of the depositional
environment [31,55]. The original sample had the obvious predominance of pristane, as the
simulation temperature that increased the Pr/Ph ratio was smaller than that of the original
sample and showed a trend of decreasing first and then increasing (Table 3).

The ratio of Pr/nC;7 and Ph/nCig also decreased gradually at first and then increased
suddenly at 350 °C, indicating that the phytane series was more stable than the alkane
series at higher maturity [28]. The Pr/Ph ratios of all the simulation samples were lower
than the original sample, suggesting that the phytane series in the OM were partially
cracked during the simulation experiments. At 250-350 °C, the Pr/Ph ratio gradually
decreased, which was possibly because the cracking rate of the phytane was lower than
that of the pristane at the peak of the liquid-hydrocarbon generation. At 350-450 °C, the
Pr/Ph ratio increased gradually, which was probably due to the fact that the precursor
of the pristane was preferentially released compared with the phytane [56]. On the other
hand, the increase was possibly due to the greater number of precursors of pristane in the
kerogen [57]. The ratio of Pr/nC;7 and Ph/nC;g decreased at 250-300 °C, which indicated
that, with the increasing maturity, the cracking strength of the high-carbon hydrocarbons
enhanced gradually and the formation rate of nC;7 and nCyg (n-alkanes) also increased.
The sudden increase in the two ratios at 350 °C was possibly due to the further cracking of
liquid hydrocarbons, resulting in more low-carbon hydrocarbons, which coincided with the
sudden drop in the yield of the simulation oil products after this stage. These experimental
results reflect the thermal sensitivity of pristane and phytane; therefore, if the influence
of maturity is not taken into account when discussing the environmental significance of
Pr/Ph, some mistakes inevitably appear [26,58].

4.2.2. Characteristics of Terpane and Sterane

Tricyclic terpane has a wide distribution in sedimentary samples due to its isoprenoid side
chain. Pentacyclic triterpene is also widely present in geological bodies; the pentacyclic triterpene
with the hopane structure as the framework is an extensive biomarker [59,60]. Tricyclic terpane
has attracted attention because of its high thermal stability and strong anti-biodegradability
during evolution; van Graas [25] used the ratio of tricyclic terpanes/ (tricyclic terpanes +
hopanes) as the maturity index. In Figure 5, the ratio of ) tricyclic terpanes/) hopanes
increases with the increasing temperature. Because of the small amount of tricyclic terpane
in the original sample, the increasing tricyclic terpane was presumably mainly generated
during thermal evolution [24,31]. Hence, the ratio of ) tricyclic terpanes/) hopanes could
be used as a good maturity parameter for Middle Jurassic source rocks in the northern
margin of the Qaidam Basin. The thermal stability of Ts (22, 29, 30-trisnorneohopane) is
higher than that of Tm (22, 29, 30-trisnorhopane). Thus, the ratio of Ts/Tm can usually be
used to indicate the degree of thermal evolution of organic matter [25,31,61]. However, the
Ts/Tm value showed a complex variation trend: it increased first (250-300 °C) and then
decreased with the increasing simulation temperature before increasing again. This was
possibly because the Ts and Tm were cleaved during the heating, and the different ratios of
the Ts and Tm suggested that they cracked at different rates. Furthermore, the formation
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of Ts and Tm might have occurred in the process of some high-molecular compounds
cracking, which could have led to a relative content change in Ts and Tm.
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Figure 5. The biomarker parameters of different simulation temperatures.

The stability of the C3pf3x-morane was lower than that of the C3pxf3-hopane. Thus,
the Czpf -morane content decreased rapidly with the increasing maturity. The simulation
results showed that the ratio of C3pf3 x-morane/Czpx3-hopane had a good positive correla-
tion with the temperature below 350 °C and then had a negative correlation (Figure 5). The
C31-17-hopane underwent isomerization at the Cy; position; that is, the biogenic precursor
of the hopane had a 22R configuration, which was gradually converted into a mixture of
22R- and 22S-rearranged stereoisomers [31]. According to the authors of [62], the ratio
rose from 0 to 0.6 during thermal evolution and reached an equilibrium at 0.57-0.62. If the
equilibrium value was exceeded, the maturity could not be indicated exactly. In general, the
isomerization parameters of the different simulation samples did not reach an equilibrium
value and the C31xf322S5/(22R + 22S) value (the isomerization parameter of homohopane)
was opposite to that of Czpf3x-morane/Czpxf-hopane under increasing temperatures
(Figure 5). Therefore, these two parameters did not truly reflect the thermal maturity in the
low evolution stage, while were more effective thermal-evolution parameters during high
maturity.

In samples of the simulation experiment, a wide range of steroidal compounds, such as
pregnanes, rearranged steranes and regular steranes were detected (Figure 4). The relative
abundances of pregnanes (Cy; and Cyy) in the original samples and low-evolution samples
(250-300 °C) were relatively low and the values of the ) pregnanes/} steranes were in the
range of 0.05-0.11 (Table 3). However, after the simulation temperature rose to 350 °C,
the ) pregnane/} sterane value increased rapidly and finally became stable (0.18-0.23).
This implied that pregnanes were not degradation products of steranes; Liu et al. [29] held
the same view. With the increasing temperature, the Cy;xocx20R/Cp9xoxx20R ratio was
relatively stable, although it rose to 0.86 at 450 °C. This suggested that the high-carbon
sterane skeleton began to undergo a ring-opening cracking reaction. Mackenzie et al. [63]
first proposed the ratios of Cygaxocx20S/(20S + 20R) and Coox33/(xp + xexex) to calculate
maturity. However, Philp [24] pointed out that they had equilibrium values (0.52-0.55
and 0.67-0.71, respectively); when the balance value was exceeded, the information of
maturity change was not reflected correctly. Currently, Cogoxoxx20S/(20S + 20R) values and
CoootBB /(P + cxxex) values are the two most commonly used maturity and isomerization
parameters [23,24].

Figure 5 shows that the Cy9oxaxx20S/(20S + 20R) values were as high as the original
and 250 °C simulation samples and that the variation was not obvious. The reason for
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the high ratio of the original sample might be that hydrocarbons were slowly generated
and accumulated in the long-term geological history. Due to the isomerization of microbes
in the early stage of diagenesis, some 20R configurations were transformed into the 20S
configurations, which made the value of the Cpoaxaxx20S/(20S + 20R) high [24,64]. The
conversion rate of the 20R configuration to the 20S configuration was slow due to the lower
temperature (250 °C). Meanwhile, the source-rock interstitial adsorption of hydrocarbons
and some structural edge hydrocarbons abundant in the biological configuration of the
Cooaxxax20R began to release slowly, resulting in a ratio of Cyoaxocx20S/(20S + 20R) that
was a little different from that of the original source rock. At 300-350 °C, the value of
Crooex20S/(20S + 20R) was significantly reduced, which was possibly due to the peaking
of the hydrocarbon generation and expulsion. It was also possibly due to the rapid release
of Cp9axaxx20R derived from the source-rock-adsorption hydrocarbons and the edge hydro-
carbons rich in biological configuration. Above 350 °C, the ratio of Cygaxocx20S/(20S + 20R)
increased rapidly and remained relatively stable. Because of the increasing maturity, the
transformation of the 20R biological configuration into the 20S geological configuration
was accelerated, which eventually led to a rapid increase in the Cygaxocx20S/(20S + 20R)
value [65]. At 400-450 °C, the source rocks reached a high maturity stage, and a large
number of liquid hydrocarbons began to crack to form low-carbon hydrocarbons and
gases. In the same stage, the kerogen generated fewer liquid hydrocarbons and most of
the light hydrocarbons were discharged, while the residual oil was relatively stable. Thus,
the Cygxxx20S/(20S + 20R) ratio varied slightly. The ratio of Cyoxoxx20S/(20S + 20R) was
lower at 450 °C than at 400 °C, which was probably due to the decline in the source rocks
at high maturity [23]. The thermal evolution of the Cyap/(xoxx + «33) was similar
to that of the Cyoaxaxx20S/(20S + 20R), both of which had a similar tendency with the
increase in temperature. Because none of them exceeded the equilibrium value or had
regular variation, they were relatively reliable maturity indicators for the Middle Jurassic
high-quality source rocks in the northern margin of the Qaidam Basin.

Due to time constraints, a lack of research information and data and the authors’ lim-
ited capacities, this paper features many limitations in terms of its ideas, conclusions and
direct measurements. Although we systematically analyzed the variation characteristics
of the maturity parameters of saturated hydrocarbon biomarkers in different thermal-
evolution stages, the lack of evolution rules for more complex aromatic compounds (such
as the maturity parameters of methylphenanthrene compounds, the maturity parameters
of methylnaphthalene compounds and the maturity parameters of dibenzothiophene com-
pounds) was a major defect. However, the simulation experiment was jointly controlled
using temperature, time, static rock pressure, fluid pressure, pore space, OM type, strati-
graphic water and inorganic minerals. Therefore, the high-temperature and high-pressure
water-bearing thermal-simulation experiment could become a reference for source-rock
hydrocarbon-mechanism research in the future.

5. Conclusions

The “oil window” of the Middle Jurassic source rocks in the Yuka area of the Qaidam
Basin was 300 °C (simulation temperature, Ro = 0.84%), and the hydrocarbon-expulsion
efficiency was low during this period. As the degree of thermal evolution increased, the oil
production decreased, while the gas production and the hydrocarbon-expulsion efficiency
increased. Although the concentration of alkanes increased overall during the increasing
thermal evolution, it varied in complex ways below the “oil window” (simulation temper-
ature <300 °C or Ro < 0.84%), which implied that the thermal evolution of the OM was
complicated. The concentration of aromatics showed a two-stage variation and was af-
fected obviously by the maturity (simulation temperature). The tricyclic terpanes increased
with the increase in maturity, which was the result of the conversion of hopanes to tri-
cyclic terpanes. Therefore, the ratio of ) tricyclic terpanes/) hopanes was the most reliable
thermal-evolution parameter in the Yuka Sag of the Qaidam Basin. The other biomarker
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parameters were more complicated, with varying maturity. They should, therefore, be used
cautiously when evaluating the degree of thermal evolution with biomarkers.
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