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Oil from the Oligocene oil sands of the Lower Ganchaigou Formation in the Northern
Qaidam Basin and the related asphaltenes was analyzed using bulk and organic geochemical
methods to assess the organic matter source input, thermal maturity, paleo-environmental
conditions, kerogen type, hydrocarbon quality, and the correlation between this oil and its
potential source rock in the basin. The extracted oil samples are characterized by very high
contents of saturated hydrocarbons (average 62.76%), low contents of aromatic hydrocar-
bons (average 16.11%), and moderate amounts of nitrogen—sulfur-oxygen or resin com-
pounds (average 21.57%), suggesting that the fluid petroleum extracted from the Oligocene
oil sands is of high quality. However, a variety of biomarker parameters obtained from the
hydrocarbon fractions (saturated and aromatic) indicate that the extracted oil was generated
from source rocks with a wide range of thermal maturity conditions, ranging from the early
to peak oil window stages, which are generally consistent with the biomarker maturity
parameters, vitrinite reflectance (approximately 0.6%), and T,.x values of the Middle
Jurassic carbonaceous mudstones and organic-rich mudstone source rocks of the Dameigou
Formation, as reported in the literature. These findings suggest that the studied oil is derived
from Dameigou Formation source rocks. Furthermore, the source- and environment-related
biomarker parameters of the studied oil are characterized by relatively high pristane/phytane
ratios, the presence of tricyclic terpanes, low abundances of C,; regular steranes, low Cy7/Cyg
regular sterane ratios, and very low sterane/hopane ratios. These data suggest that the oil
was generated from source rocks containing plankton/land plant matter that was mainly
deposited in a lacustrine environment and preserved under sub-oxic to oxic conditions, and
the data also indicate a potential relationship between the studied oil and the associated
potential source rocks. The distribution of pristane, phytane, tricyclic terpanes, regular
steranes and hopane shows an affinity with the studied Oligocene Lower Ganchaigou For-
mation oil to previously published Dameigou Formation source rocks. In support of this
finding, the pyrolysis—gas chromatography results of the analyzed oil asphaltene indicate that
the oil was primarily derived from type II organic matter, which is also consistent with the
organic matter of the Middle Jurassic source rocks. Thus, the Middle Jurassic carbonaceous
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mudstones and organic rock mudstones of the Dameigou Formation could be significantly
contributing source rocks to the Oligocene Lower Ganchaigou Formation oil sand and other
oil reservoirs in the Northern Qaidam Basin.

KEY WORDS: Origin and type of organic matter, Paleo-environmental conditions, Oil-source rock

correlation.

INTRODUCTION

As global energy demands continue to increase,
hydrocarbon exploration and development will be
driven from crude oil toward unconventional forms
of energy. Oil sands, as an unconventional energy
source, are considered enormous energy resources in
the global inventory of petroleum reserves despite
their controversial and undesirable features, such as
their increased oil viscosity, acidity, and sulfur con-
tent (Larter and Douglas 1980; Tenenbaum 2009).
Oil sands (also known as asphaltic sands or tar
sands) are sedimentary rocks (mostly sandstone or
carbonate) that contain heavier oil or bitumen. Oil
sands form due to the low-temperature alteration of
crude oil, biodegradation, light-hydrocarbon
volatilization, or water washing as a result of the
concentration of high molecular weight hydrocar-
bon, resins, and asphaltenes (Gao et al. 2005). Oil
sand layers often exist at shallow depths in a basin or
are exposed at the Earth’s surface by tectonic uplift
and weathering (Niu and Hu 1999; Gao et al. 2005;
CAPP (Canadian Association of Petroleum Pro-
ducers) 2017).

With the development of horizontal drilling
and steam-assisted gravity drainage (SAGD) tech-
niques for the enhanced oil recovery of heavy
crude oil and bitumen, oil sand has become an
important contributor to the global energy supply
(Sudiptya and Berna 2018). Globally, Canada, the
USA, and Venezuela (the richest oil sand coun-
tries) have used different exploitation methods of
oil sands since the twentieth century (CAPP 2017).
For example, in Canada, asphalt and oil extracted
from oil sands now represent approximately half of
the total liquid petroleum composition (EIA 2012).
Thus, more investigation and exploration of oil
sands as an unconventional energy resource are
required.

In China, oil sand reservoirs are charged pre-
dominantly from lacustrine source rocks. Several
basins in China have been reported to have large-

scale occurrences of oil sands, including the Qaidam,
Ordos, Bohai Bay, and Sichuan basins (Fig. 1)
(Wang et al. 2015). China’s first tight oil discovery,
the Xin’anbian Oilfield in the Ordos Basin, is cred-
ited with over 1 billion tons of 3P reserves (proved
reserves, probable reserves, and possible reserves)
and an annual production of up to 101 million tons
(Wang et al. 2015).

The study area (i.e., the Northern Qaidam Ba-
sin), which contains 4.94 x 10® t of oil sand re-
sources and 2.94 x 10® t of recoverable resources, is
the fourth-largest oil sand-bearing basin in China
(Niu and Hu 1999). Research on the conventional oil
system of the Qaidam Basin has been well docu-
mented, and a number of studies have focused on its
reservoir (Feng et al. 2013; Li et al. 2015), source
rocks (Qin et al. 2018), geochemistry (Huang et al.
1994; Duan et al. 2006), and petroleum accumulation
(Guo et al. 2018). However, little attention has been
paid to the geochemical characteristics of oil sands
in conjunction with their potential source rocks in
the Qaidam Basin except for the physical and
chemical characteristics of the oil sands reported by
Gao et al. (2005). These authors characterized oil
sands based on their viscosity, density, and sedi-
mentary environment. This lack of research has re-
stricted the exploration and development of oil
sands in the Qaidam Basin.

Additionally, studies of the oil sand geochem-
istry in the Northern Qaidam Basin, which can lar-
gely reduce the risk of petroleum exploration, such
as oil-source rock correlations based on biomarker
analysis (Makeen et al. 2015¢; Manzano et al. 2016),
assessments of depositional environment conditions
using biomarker and element analyses (Marek et al.
2013; Makeen et al. 2015d; Huang et al. 2016), and
determinations of the stage of biodegradation (Zhou
et al. 2008; Makeen et al. 2015c; Park et al. 2018), are
lacking.

The objectives of this study are to assess the
origin and type of organic matter, thermal maturity,
and depositional environment of source rock using
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Figure 1. Geological map showing the location of the study area and the distribution of oil sand-bearing basins in China (modified after
the Oil and Gas Resources Survey Center of the China Geological Survey 2009).

liquid column chromatography and gas chromatog-
raphy-mass spectrometry (GC-MS), gas chro-
matography double mass spectrometry (GC-MS/
MS), inductively coupled plasma mass spectrometry
(ICP-MS), and pyrolysis—gas chromatography (Py—
GCQ). Oil-source rock correlations were also deter-
mined to establish the genetic relationship between
the studied oil and its related potential source rocks.
The outcome of this study will enhance the under-
standing of the oil-source correlation and increase
the hydrocarbon exploration activity related to oil
sand in China, including the Northern Qaidam Basin

(Fig. 1).

GEOLOGICAL SETTING

The Qaidam Basin is the largest intermountain
basin in the northern Tibetan Plateau and has a
maximum area of approximately 120,000 km? (Mé-
tivier et al. 1998; Lu et al. 2018). It is bounded by
three major mountain ranges: the Qilian Mountains
to the northeast, the Altun Mountains to the
northwest, and the Kunlun Mountains to the south
(Fig. 2a). The study area of this project is located in
the northern part of the Qaidam Basin (Fig. 2b).

Tectonically, the Qaidam Basin is divided into
four structural units based on differences in topog-
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Figure 2. Basic geological information about the oil sands in the Lower Ganchaigou Formation in the Northern Qaidam
Basin. (a) Location map of the Qaidam Basin showing the study area; (b) geological map of the Northern Qaidam Basin
(study area) showing structure, strata, and oil sand outcrop and drilling locations; (¢) example of an oil sand layer in the
study area; (d) oil sand sample obtained from outcrop; and (e) oil sand sample obtained from drilling.
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raphy, namely the Sanhu depression, the northern
Qaidam uplift, the Yiliping depression, and the
western Qaidam uplift (Mao et al. 2016; Bao et al.
2017). The study area is located in the northern
Qaidam uplift (Fig. 2a). The basin has experienced
three stages of sedimentary evolution, namely the
Late Triassic-Late Cretaceous breakage period, the
Paleogene—Early Neogene depression period, and
the Late Neogene—Early Pleistocene return period
(Zhou et al. 2006; Yin et al. 2008; Du et al. 2018).

The Cenozoic strata exposed in the Northern
Qaidam Basin are divided into seven formations
(Fms), which include (from bottom to top) the Lu-
lehe Fm, the lower and upper Ganchaigou Fms, the
lower and upper Youshashan Fms, the Shiziou Fm,
and the Qigequan Fm (Fig. 3; Lu and Xiong 2009;
Wang et al. 2012). Earlier studies provided detailed
analyses of their invertebrate ostracods, fossil
mammals, lithostratigraphic correlations, and mag-
netostratigraphy (Meng et al. 2001; Mischke et al.
2010; Ji et al. 2017).

The Lower Ganchaigou Fm is the main reser-
voir in the Qaidam Basin, and it is composed of fine
and dark lithologies, including a set of gray and dark
gray mudstone, calcareous mudstone, gypsum-bear-
ing mudstone, argillaceous siltstone, carbonate, and
gypsum-salt rock (Yi et al. 2017). Based on the
characteristics of its lithological assemblage, it can
be divided into two sections: the lower part, which is
mainly red coarse clastic rock deposits with brown-
red sandy conglomerate and mudstone lithologies
indicative of an alluvial fan depositional environ-
ment that experienced drought, and the upper part,
which consists of gray mudstone, marl, and fine
sandstone with carbonate interlayers indicative of
stable lacustrine depositional conditions. The thick-
ness of this formation is in the range of approxi-
mately 182-2000 m (Li et al. 2017). The grain size
fines upward as the environment shows a transition
from fan-delta to delta-lacustrine conditions. The oil
sands in the study area are mainly gray medium- to
pebble-grained sandstone from the upper part of the
Lower Ganchaigou Fm, with the occurrence of oil
trapped in pore spaces (Fig. 2c, d, and e).

Previous studies suggested that the main source
rocks in the Qaidam Basin are from the Lower and
Middle Jurassic sequences (Qin et al. 2018). The
Lower Jurassic source rock lithology is divided into
coal and carbonaceous mudstones, whereas the
Middle Jurassic source sequences mainly contain
carbonaceous mudstone and dark mudstone, with
thin sandstone and coal layers. The quality of the

Middle Jurassic source rock is better than that of the
Lower Jurassic source rock (Shu et al. 2017).

The Middle Jurassic Dameigou Fm in the
Northern Qaidam Basin has long been the subject of
numerous studies due to its important hydrocarbon
source potential (e.g., Qin et al. 2018). The Damei-
gou Fm has been divided into seven sedimentary
facies members (Feng et al. 2013). The first, second,
and third members were formed during the Lower
Jurassic. The first member mainly consists of car-
bonaceous mudstone and oil shale facies, while the
second and third members consist of lean organic-
rich mudstone and sandstone facies. The other four
members were deposited during the Middle Jurassic,
including thick sandstone deposits from members
four to six and relatively thick lacustrine sediments
with thin layers of carbonaceous mudstone and or-
ganic-rich mudstone in the seventh member (Qin
et al. 2018) (Fig. 3).

DATASET AND METHODS

The sample set in the present study includes 13
outcrop samples and 13 core samples collected from
the No. 4 Lenghu area in the Northern Qaidam
Basin (Fig. 2b). The locations of the samples are
shown in Figure 2b. The core samples are taken
from two newly drilled wells (Qinglengdi 1 and
Qinglengdi 2) (Figs. 2b and 4) with subsurface
depths ranging from 0 to 300 m (Fig. 4). All of these
samples were subjected to conventional column
chromatography to separate their hydrocarbon
(saturated and aromatic), NSO, and asphaltene
compounds (Table 1).

Approximately 20 g of each powdered oil sand
sample was placed into a thimble, covered with
cotton, and then placed in a Soxhlet apparatus. Two
hundred milliliters of an azeotropic mixture of 87%
chloroform and 13% methanol was placed in a 250-
ml flat-bottom flask connected to the Soxhlet appa-
ratus that was attached to a condensing chamber.
Anti-bumping granules and copper sheets were ad-
ded to the solvent in the flask, while the condensing
chamber was connected to the water inlet and outlet
to cool the system. This reflux procedure lasted for
72 h to ensure exhaustive extraction. The liquid
achieved was concentrated by evaporation until it
reached a constant weight using a rotary evaporator.

Liquid column chromatography on silica gel
(60-210 mesh) topped with alumina oxide was used
to divide the extracted oil from oil sands by frac-
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Figure 3. Stratigraphic column of the Northern Qaidam Basin strata showing oil sands of the Oligocene Lower Ganchaigou Formation
and the Middle Jurassic Dameigou Formation source rocks (modified after Qin et al. 2018).

tionation (saturated, aromatic, and NSO com-
pounds). Prior to the commencement of this analy-
sis, alumina and silica, which form the stationary
phase during this separation, were activated by
keeping them in the oven at 110 °C. Three different
solvents of increasing polarity in the sequential or-
der of petroleum ether (100 ml), dichloromethane
(100 ml), and methanol (50 ml) were used to extract
saturated hydrocarbons, aromatic hydrocarbons, and
NSO compounds, respectively. After concentrating
the eluents in a Buchi rotary evaporator and drying
them, the weights of the different fractions were
determined and recorded.

The eluate hydrocarbon (saturated and aro-
matic) fractions were analyzed using an Agilent

5975B inert MSD mass spectrometer with a gas
chromatograph (GC) attached to the ion source
(with an ionization voltage of 70 eV, filament
emission current of 100 mA, and interface temper-
ature of 230 °C). The analysis was performed using a
30-m-long, 0.32-mm-internal-diameter HP-5MS col-
umn. Approximately 1 pl of each hydrocarbon
fraction (mixed with n-hexane) was injected with the
aid of a standard golden syringe into the gas frag-
mentogram inlet. Fused silica and helium were the
stationary and mobile phases, respectively, during
the separation. Some of the selected peaks, such as
those of n-alkanes, tricyclic terpanes, hopanes, and
steranes, were identified based on their retention
time and comparison with identifications by previous
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Figure 4. Geological cross section of the Lenghu area in the
Northern Qaidam Basin showing the depth of the drilled wells in
the Lenghu area (modified from Tian et al. 2018).

researchers (e.g., Peters and Moldowan 1993; Peters
et al. 2004; Hakimi et al. 2011; Makeen et al. 2015a,
b). A GC-MS/MS analysis was performed on se-
lected oil samples to assess specific biomarkers using
an Agilent 7890B GC equipped with a tandem
7000B triple quadrupole MS/MS system; in this, the
MS column consists of two scanning mass analyzers
separated by a collision cell. Fragments selected in
the first analyzer are reacted with an inert gas in the
collision cell, resulting in further fragmentation. The
heating process involved heating at 70 °C for 3 min,
then increasing by 5 °C/min to 200 °C, then
increasing by 4 °C/min to 320 °C, which was held
there for 20 min (with a total run time of 79 min)
(Etxebarria et al. 2009; Mei et al. 2018). The electron
impact (EI) ion source for the triple quad-
rupole mass spectrometer was operated in multiple
reaction monitoring (MRM) mode under the con-
ditions of 70 eV and 230 °C, and the quadrupoles
were operated at 150 °C.

Following the GC-MS and GC-MS/MS analy-
ses, a pyrolysis GC analysis was performed on
approximately 2 mg of selected precipitated
asphaltenes from each oil sample using a Frontier Lab
Pyrolyser System, which was attached to an inert
column (quartz and Ultra ALLOY-5) (length of
30 m, internal diameter of 0.25 mm, and film thick-
ness of 0.52 Im) fitted to an Agilent GC chro-
matograph equipped with a flame ionization detector.
During this process, the pyrolysate was monitored
between 300 and 600 °C (25 °C/min). The generated
chromatogram peaks of interest were identified based
on their retention time and comparison to published
works (e.g., Makeen et al. 2015c¢).

An ICP-MS analysis was carried out on
approximately 0.5 g of each oil sample to determine

the concentrations of major and trace elements in
the Northern Qaidam Basin. Representative sam-
ples were passed through a digestion process to
dissolve their constituent elements in a liquid med-
ium in readiness for ICP-MS analysis. To achieve
total digestion, the samples were heated in a mixture
of HNO;, HCIOy4, and HF to fuming and taken to
dryness. The residue of each sample was dissolved in
HCI. The minimum and maximum detection limits
of the equipment are 0.5 ppb and 100%, respec-
tively. The method used was previously described by
Pi et al. (2013) and Adegoke et al. (2014).

RESULTS
Column Chromatographic Extraction

The ratio of hydrocarbon to non-hydrocarbon
components separated by column chromatography
can be used to provide a better interpretation of
oil/source rock quality (Peters and Moldowan 1993).
In this study, the saturated and aromatic compo-
nents represent the major fractions of the analyzed
oil samples (Table 1). The relative proportions of
the saturated and aromatic fractions ranged from
32.60 to 89.00% and 3.27 to 27.64%, respectively,
while those of the NSO fractions ranged from 4.42 to
55.32% (Table 1 and Fig. 5).

n-Alkanes and Isoprenoids
Detailed biomarker studies were conducted

based on the normal alkane and isoprenoid distri-
butions determined using GC-MS based on moni-
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NSO compounds (in wt.%) of the analyzed oil samples

No. Sample ID  Lithology Depth/m Bitumen yield and chromatographic Chromatographic fractions of bitumen
fractions (g of whole samples) extraction (oil wt.%)
Oil Sat. Aro. NSO  HGCs Sat.  Aro. NSO HGCs Sat/Aro%
1 L4-02 Sandstone 0 0.070  0.021  0.009 0.035 0.030 32.60 13.40 54.00 46.00 24
2 L4-05 Sandstone 0 0.032 0.015 0.002 0.004 0.017 5050 731 4219 5781 6.9
3 L4-07 Sandstone 0 0.036  0.020 0.009 0.006 0.029 5720 2450 1830 81.70 23
4 L4-10 Sandstone 0 0.035 0.011 0.002 0.006 0013 3723 745 5532 44.68 5.0
5 L4-18 Sandstone 0 0.072  0.019 0.009 0.013 0.028 4630 2230 3140 68.60 21
6 L4-21 Sandstone 0 0.101  0.063 0.003 0.025 0.066 62.00 327 3472 6528 18.9
7 L4P2-01 Sandstone 0 0.066  0.037 0.015 0012 0.052 58.04 2358 1838 81.60 25
8 L4P2-02 Sandstone 0 0.034 0.019 0.008 0.004 0.027 61.26 2563 13.11 86.90 24
9 L4-P3-02  Sandstone 0 0.056  0.029 0.009 0.009 0.038 61.00 1920 19.80 80.20 32
10 L4-P3-04  Sandstone 0 0.038  0.005 0.010 0.007 0.016 4330 2620 30.50 69.50 1.7
11 LH4H-01  Sandstone 0 0227 0142 0.012 0018 0155 6859 597 2543 7457 11.5
12 LH4H-02  Sandstone 0 0.030 0.016 0.003 0.005 0.020 6503 14.09 20.88 79.10 4.6
13 LH4H-04  Sandstone 0 0.116  0.082 0.011 0011 0.093 7414 980 16.06 83.94 7.6
14 QLD1J-11 Sandstone 159.55 0.059 0.042 0.010 0.004 0051 7180 1696 1125 88.75 42
15 QLD1J-12  Sandstone 174.2 0.042  0.029 0.007 0.003 0.036 71.64 1741 1095 89.05 4.1
16 QLD1J-13 Sandstone 174.15 0.038 0.024 0.006 0.002 0030 7199 1837 9.64 90.36 3.9
17 QLD1J-14 Sandstone 207.3 0.035 0.023 0.006 0.003 0.029 6949 1813 1239 87.61 38
18 QLD2J-1  Sandstone 5.54 0.038 0.027 0.004 0.002 0.031 7240 11.75 1585 84.15 6.2
19 QLD2J-2  Sandstone 31.97 0.039 0.022 0.010 0.004 0032 5935 2764 13.01 86.99 21
20 QLD2J-4  Sandstone 59.75 0.033  0.015 0.008 0.005 0.022 4838 2435 2727 7273 2.0
21 QLD2J-11 Sandstone 78.35 0.085 0.044 0.003 0.002 0.047 89.00 652 448 9552 13.7
22 QLD2J-16 Sandstone 125.65 0.075 0.043 0.019 0.007 0.062 62.09 2661 11.30 88.70 23
23 QLD2J-18 Sandstone 147.15 0.053 0.033 0.011 0.006 0.044 6509 2229 12.62 87.38 2.9
24 QLD2J-29 Sandstone 186.9 0.185 0153 0.018 0.005 0171 8546 10.12 442 9558 8.4
25 QLD2J-35 Sandstone 235.48 0.128 0.079 0.008 0.026 0.087 6857 682 24.61 7539 10.1
26 QLD2J-39 Sandstone 293 0.089  0.066 0.008 0.003 0074 8327 1052 621 93.79 7.9
Minimum 3260 327 442 4468 1.7
Maximum 89.00 27.64 5532 9558 18.9
Average 62.76 1611 21.57 7843 5.8

Sat saturated, Aro aromatic hydrocarbons, NSO nitrogen, sulfur, and oxygen, HCs hydrocarbon fractions (saturated + aromatic), Sat/Aro

ratio of saturated hydrocarbons to aromatic hydrocarbons

toring the total inorganic carbon mass chro-
matograms (TIC) and m/z 85 ion mass chro-
matograms (see Fig. 6 and Table 2). The peak
assignments used for biomarker parameters are lis-
ted in “Appendix.” In general, the n-alkane distri-
butions of the non-biodegraded samples consist of a
full suite of saturated hydrocarbons of n-alkanes
(between Cy; and Css) and isoprenoids (Peters and
Moldowan 1993; Peters et al. 2004). The presence of
n-alkanes (extending beyond Cs;) in the analyzed
samples suggests that the studied oil possessed no or
very low levels of biodegradation (e.g., Peters and
Moldowan 1993; Peters et al. 2004; Wentzel et al.
2007). The values of Pr/Ph range from 1.07 to 2.89
(average 2.06), whereas those of Pr/nC;; and Ph/
nCyg range from 0.25 to 2.19 (average 0.68) and 0.10

@ Surface samples
¢ Core samples
SAT=Saturated
ARO=Aromatic hydrocarbons
NSO=Nitrogen, sulfur, 25

and oxygen

ARO(%)
0 100

N\ 75

100
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B X : 0
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Figure 5. Ternary diagram of the extracted oil sand samples

showing the compositions of the extracted oil.
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to 1.16 (average 0.39), respectively. On the other
hand, carbon preference index (CPI) values that are
higher or lower (i.e., odd or even preferences,
respectively) than 1.10 suggest that a sample is
thermally immature (Peters and Moldowan 1993;
Makeen et al. 2015a). The corresponding CPI values
of the samples studied here range from 0.96 to 1.13
(average 1.06) (Table 2).

Terpane and Steroid Compositions

The terpane and steroid distributions of the
studied saturated hydrocarbons were analyzed.
Various biomarker maturity- and source-dependent
parameters, such as tricyclic terpanes, hopane,
homohopane, regular steranes, and diasterane, were
determined based on the m/z 191 and m/z 217 mass
chromatograms (Fig. 7). The identified peaks are
shown in “Appendix.”

C3 hopane and C,9 norhopane, T (18x(H)-
trisnorhopane), Ty, (17x(H)-trisnorhopane), and
gammacerane were recorded from the m/z 191 mass
chromatograms of the saturated hydrocarbon frac-
tions of all studied samples (e.g., Fig. 7). The mi/z
191 mass fragmentograms of the saturated hydro-
carbon fractions of all oil samples show high pro-
portions of C,9 norhopane relative to Csy hopane
(average 0.45), indicating a clay-rich source for the
studied oil extracted from the oil sands (Peters et al.
2004). The ratio of T [18«(H)-trisnorhopane] to T,
[17a(H)-trisnorhopane] varies with maturation, the
type of organic matter, and lithology (Moldowan
et al. 1986). During the epigenesis stage, because the
molecular energy of T is higher than that of T, (i.e.,
18.4 kJ/mol), the stability of 7Ty is higher than that of
T With increasing maturity, the value of Ty/(Ts +
T.,) gradually increases (Seifert and Moldowan
1978). The TJT, + Ty, values of the extracted oil
range from 0.50 to 0.73, with an average value of
0.56, thus reflecting the high maturity of these oil
sands. Gammacerane is a reliable indicator for
detecting the environmental conditions of the orig-
inal source input. Abundant gammacerane generally
indicates that sediments were deposited in saline
water, which is often related to stratification of the
water column (Damsté et al. 1995).

The m/z 217 mass fragmentograms of all ana-
lyzed samples display the relative abundance of
steranes, including the C,;, Css, and Cy9 regular
steranes, as well as the ratios of C,;/Cy9 regular

sterane, diasterane/sterane, and sterane/hopane
(Table 2). The relative Cp;—Co—Cy9 relationships of
the analyzed samples are calculated, and the results
show a high proportion of C,g sterane (ranging from
40.51 to 50.00%) compared to C,g sterane (ranging
from 12.62 to 21.43%) and C,; sterane (ranging from
28.57 to 44.09%) (Table 2 and Fig. 8).

Aromatic Biomarkers and Tetracyclic Polyprenoids
(TPP)

Numerous aromatic biomarker parameters,
such as dibenzothiophene and phenanthrene, can be
used to provide valuable information about the
maturity range of organic matter (Radke et al. 1982;
Makeen et al. 2015c¢). Information about source rock
characteristics can also be obtained based on
monoaromatic steroids (Moldowan et al. 1986). The
aromatic biomarker ratios calculated in this study
are presented in Table 3 and are based on peak
heights and relative abundances.

The methylphenanthrene index (MPI) is one of
the most widely used aromatic maturity parameters
(Radke et al. 1982). Aromatic biomarker parameters
have been derived for the distribution of
methylphenanthrene and phenanthrene isomers in
type III organic matter, including coals (Radke et al.
1986). The MPI values calculated here are based on
the formula proposed by Radke et al. (1982):
MPI =15  (2-MP + 3-MP)/(P + 1-MP + 9-MP),
where P is the peak area of phenanthrene and 3-MP,
2-MP, 9-MP, and 1-MP are the peak areas of 3-, 2-,
9-, and 1-methylphenanthrenes, respectively (Fig. 9a
and b). The results found using this formula indicate
that all of the analyzed samples have MPI values
ranging from 0.52 to 1.02 (Table 3), indicating that
the studied samples are in the early mature to ma-
ture stages of petroleum generation.

Methyldibenzothiophenes are another type of
mature aromatic hydrocarbon component that can
be identified using m/z 198 because they respond
more effectively than phenanthrenes in the medium
to low maturity stages (Peters and Moldowan 1993).
Dzou et al. (1995) examined a set of coals and oil
and found a constant amount of 1-methyldiben-
zothiophene (1-MDBT) within a wide maturity
range and an increase in 4-methyldibenzothiophene
(4-MDBT) with increasing maturity. The relative
increase in 4-MDBT during maturation is attributed
to its higher thermostability (Radke et al. 1986).
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Table 2. Results of the analyses of saturated biomarkers from extracted oil sands
No. Sample Normal alkanes Triterpanes and terpanes (m/z 191)
ID and isoprenoids
Csp 228/ Hopane terpanes Tricyclic
(228 + 22R) terpanes
Pr/ Pr/ Ph/ CPI Cz()/ C31R/ G/ C3()M/ T\/ sz, T/
Ph nCiz nCis Co Cao Cao G3oH Ts + T CosT
1 L4-02 112 025 0.31 1.13 0.62 0.70 0.19 0.07 0.09 0.73 1.62
2 L4-05 1.65 1.50 0.79 1.11 0.58 0.46 0.12 0.05 0.14 0.50 1.38
3 L4-07 1.07 0.61 0.71 1.03 0.59 0.59 0.17 0.05 0.11 0.52 1.53
4 L4-10 2.08 0.51 0.57  0.98 0.60 0.50 0.12 0.05 0.13 0.59 1.86
5 L4-18 1.33 0.38 0.18 1.12 0.62 0.48 0.18 0.05 0.09 0.60 211
6 L4-21 152 096 0.26 1.09 0.59 0.41 0.11 0.05 0.14 0.55 1.39
7 L4P2-01 1.38 0.84 0.51 1.04 0.58 0.59 0.18 0.04 0.09 0.50 1.24
8 L4P2-02 2.08 0.53 0.24 1.06 0.64 0.52 0.15 0.06 0.12 0.57 1.63
9 L4-P3-02 1.75 1.50 0.86  0.96 0.63 0.52 0.21 0.05 0.07 0.71 1.22
10 L4-P3-04 1.60 035 0.20 1.11 0.63 0.47 0.23 0.07 0.11 0.59 1.33
11 LH4H-01 1.91 0.79 0.34 1.04 0.58 0.38 0.12 0.05 0.14 0.53 1.76
12 LH4H-02 1.75 0.29 0.12 1.12 0.59 0.45 0.20 0.07 0.11 0.65 1.57
13 LH4H-04 2.43 0.61 0.24 1.06 0.58 0.38 0.11 0.05 0.13 0.54 1.29
14 QLD1J-11 202  0.64 0.32 1.04 0.57 0.39 0.14 0.05 0.13 0.53 1.74
15 QLD1J-12 248 0.66 0.25 1.05 0.59 0.40 0.14 0.05 0.11 0.52 1.77
16 QLD1J-13 250 041 0.16 1.05 0.58 0.38 0.14 0.04 0.12 0.51 1.55
17 QLD1J-14 229 0.50 0.22 1.04 0.59 0.40 0.14 0.05 0.12 0.54 1.42
18 QLD2J-1 2.85 0.94 0.36 1.05 0.58 0.40 0.14 0.04 0.13 0.53 1.20
19 QLD2J-2 2.36 0.62 0.41 1.01 0.58 0.40 0.14 0.05 0.13 0.51 1.34
20 QLD2J-4 2.09 0.61 0.59 1.03 0.61 0.43 0.14 0.05 0.13 0.51 1.58
21 QLD2J-11  2.89 0.29 0.10 1.10 0.58 0.38 0.11 0.06 0.14 0.52 1.28
22 QLD2J-16  2.08 0.57 0.81 1.03 0.59 0.43 0.15 0.04 0.13 0.52 1.70
23 QLD2J-18  1.89 2.19 1.16 1.04 0.62 0.39 0.15 0.05 0.14 0.71 1.33
24 QLD2J-29 257 0.50 0.19 1.06 0.57 0.40 0.12 0.06 0.14 0.51 1.48
25 QLD2J-35  2.85 0.36 0.13 1.04 0.60 0.39 0.12 0.06 0.15 0.53 1.16
26 QLD2J-39  2.88 0.27 0.10 1.10 0.59 0.42 0.11 0.05 0.15 0.53 1.94
Minimum 1.07 0.25 0.10  0.96 0.57 0.38 0.11 0.04 0.07 0.50 1.16
Maximum 2.89 2.19 1.16 1.13 0.64 0.70 0.23 0.07 0.15 0.73 211
Average 2.06 0.68 0.39 1.06 0.60 0.45 0.15 0.05 0.12 0.56 1.52

Therefore, within a group of related oil or source
rocks (aromatic hydrocarbons), the 4-MDBT/1-
MDBT ratio commonly increases with increasing
maturity (e.g., Dzou et al. 1995). Based on this
classification, all of the analyzed samples display a
high abundance of 4-methyldibenzothiophene (Ta-
ble 3).

The dibenzothiophene/phenanthrene (DBT/P)
ratios of the studied samples are shown in Table 3.
DBT/P was measured (based on relative abun-
dances) from the GC-MS analysis of the aromatic
fraction using the m/z 184 and 178 ion chro-
matograms for DBT and P, respectively (e.g.,
Hughes 1995). The ratio of DBT to P is an indicator
of source rock lithology. To identify biomarkers in
detail, GC-MS/MS analyses were performed (Ta-
ble 3) on tetracyclic polyprenoids (TPP) to find
evidence of semimetal conditions.

Elemental Analysis

The composition of inorganic constituents, such
as major and trace elements, is a good indicator of
the provenance, redox conditions during sedimen-
tation, effects of the preservation of organic matter,
water salinity, and paleoclimate (Gromet et al.
1984). Trace element compositions can be deter-
mined using ICP-MS (Eggins et al. 1998). Trace
elements in sediments, such as V, Ni, U, Cr, and Fe,
are indicators of the paleo-redox conditions of sed-
imentary basins (e.g., Fu and Mazza 2011; Hakimi
et al. 2015). Similarly, sedimentary environments
can be classified based on the concentrations of trace
elements such as Ba, Ga, Rb, and Sr (Reimann et al.
1998).

The extracted oil contains metallic elements,
such as nickel (Ni) and vanadium (V) (Table 4).
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Table 2. continued
No. Sample Steranes and diasteranes (m/z 217)
1D
C,9208/ Cyobb/ Regular steranes Cy7/Cuo C,; Dia./ Sterane/
(208 + 20R) (bb + aa) (Dia + Reg) hopane
(%)
Cyy (& Coo
1 L4-02 0.61 0.46 41.86 16.28 41.86 1.00 0.73 0.18
2 L4-05 0.46 0.44 38.02 17.43 44.55 0.85 0.47 0.04
3 L4-07 0.58 0.44 31.82 20.45 47.73 0.67 0.66 0.19
4 L4-10 0.47 0.45 36.83 16.21 46.95 0.78 0.60 0.09
5 L4-18 0.51 0.48 32.00 18.00 50.00 0.64 0.58 0.21
6 L4-21 0.45 0.45 41.36 14.07 44.57 0.93 0.56 0.16
7 L4P2-01 0.56 0.45 33.33 19.05 47.62 0.70 0.56 0.23
8 L4P2-02 0.53 0.46 28.57 21.43 50.00 0.57 0.54 0.18
9 L4-P3-02 0.52 0.44 40.00 13.33 46.67 0.86 0.61 0.15
10 L4-P3-04 0.53 0.46 38.96 19.48 41.56 0.94 0.56 0.17
11 LH4H-01 0.46 0.44 39.03 13.83 47.13 0.83 0.57 0.12
12 LH4H-02 0.51 0.48 37.14 17.14 45.71 0.81 0.61 0.16
13 LH4H-04 0.46 0.45 40.52 14.12 4535 0.89 0.56 0.13
14 QLD1J-11 0.54 0.48 43.56 14.41 42.03 1.04 0.55 0.13
15 QLD1J-12 0.56 0.45 41.29 15.27 43.44 0.95 0.57 0.14
16 QLD1J-13 0.53 0.46 41.75 15.09 43.16 0.97 0.55 0.13
17 QLD1J-14 0.55 0.46 42.98 14.89 42.14 1.02 0.54 0.13
18 QLD2J-1 0.51 0.44 41.14 18.35 40.51 1.02 0.57 0.14
19 QLD2J-2 0.55 0.46 42.70 14.10 43.20 0.99 0.56 0.13
20 QLD2J-4 0.55 0.45 40.11 16.66 43.23 0.93 0.57 0.13
21 QLD2J-11 0.43 0.42 37.76 14.25 48.00 0.79 0.36 0.12
22 QLD2J-16 0.54 0.47 43.18 13.94 42.87 1.01 0.55 0.13
23 QLD2J-18 0.55 0.47 44.09 14.32 41.59 1.06 0.52 0.14
24 QLD2J-29 0.47 0.47 41.95 12.62 45.43 0.92 0.56 0.13
25 QLD2J-35 0.47 0.44 40.78 13.41 45.81 0.89 0.58 0.13
26 QLD2J-39 0.46 0.45 40.89 15.21 43.90 0.93 0.53 0.19
Minimum 0.43 0.42 28.57 12.62 40.51 0.57 0.36 0.04
Maximum 0.61 0.48 44.09 21.43 50.00 1.06 0.73 0.23
Average 0.51 0.45 39.29 15.90 44.81 0.88 0.56 0.15

Pr, pristane; Ph, phytane; CPI, carbon preference index (2[Co; + Cps + Cp7 + Cool/[Con + 2{Coy + Coe + Cog} + Csp]); Ca0/Czo, Cao
norhopane/Cs, hopane; C3yp M/C5p H, C3p moretane/Cso hopane; G/Cs,, gammacerane/Cs, hopane; C3;R/Cs, C31 regular homohopane/Cs,
hopane; diasterane/sterane ratio, C,9 diasteranes/C,y regular steranes; sterane/hopane ratio, C,o regular sterane/Cs, hopane

Although the V and Ni concentrations in oil depend
on their degree of oil alteration, e.g., their
biodegradation and maturity, the concentrations of
V and Ni in oil can also provide insights into the
depositional environment conditions of their
potential source rocks (Lewan and Maynard 1982;
Barwise 1990).

Py-GC Data

The Py—GC technique was developed in the late
1960s to study organic matter structural moieties,
such as aromaticity, alkyl chain distribution, and
organic sulfur structures (Chiavari and Galletti

1992). This method has been commonly used to
provide information about the kerogen composition
and type of hydrocarbons generated during the
maturation process. According to Larter and Dou-
glas (1980), different types of kerogens can be clas-
sified based on the carbon number distribution of n-
alkanes. The amounts of type I pyrogram n-alkane/
n-alkene are abundant in the C;;—C;y range,
whereas the type II pyrograms always consist of
fewer than 20 atoms of carbon in these compounds
(e.g., Larter and Douglas 1980). Selected chro-
matograms of the asphaltenes precipitated from the
studied oil sands are shown in Figure 10. The dis-
tribution of these compounds is characterized by n-
alkane/n-alkene doublets extending beyond Cs.
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Figure 7. (a—d): m/z 191 ion chromatograms of the saturated hydrocarbons of the extracted oil; (e-h): m/z 217 ion

chromatograms of the saturated hydrocarbons of the extracted oil.
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Aromatic compounds such as X-(m + p)-xylenes
and S-2,3-dimethylthiophene, along with nCy-n-

alkanes, were also identified (Table 5).

DISCUSSION

Qil-Source Rock Correlation

An oil-source rock correlation involves per-
forming the geochemical comparison of oil with
extracts from potential source rocks to determine
whether a genetic relationship exists. These corre-
lation analyses are accomplished by comparing ele-
mental and molecular parameters using techniques
such as GC and GC-MS (Peters et al. 2004; Makeen
et al. 2015d; Mohialdeen et al. 2015). The main
objective of the correlation analysis in this study is to

Table 3. Results of the analyses of the aromatic biomarkers from extracted oil sands

No. Sample ID MPI 4-MDBT/1-MDBT DBT/Phen TPP ratio
1 L4-02 0.83 1.80 0.10 0.75
2 L4-05 0.66 1.11 0.02 -

3 L4-07 0.79 2.30 0.20 0.70
4 L4-10 0.57 1.01 0.05 -

5 14-18 0.59 1.70 0.09 0.67
6 L4-21 0.64 1.58 0.02 -

7 L4P2-01 0.79 2.50 0.10 0.70
8 L4P2-02 0.92 1.90 0.20 0.70
9 L4-P3-02 0.74 1.90 0.01 -

10 L4-P3-04 0.52 2.70 0.20 0.66
11 LH4H-01 0.67 2.38 0.02 -

12 LH4H-02 0.74 2.90 0.08 -

13 LH4H-04 0.84 2.40 0.14 -

14 QLD1J-11 0.85 2.03 0.19 -

15 QLD1J-12 0.91 1.91 0.18 -
16 QLD1J-13 0.95 1.79 0.22 -

17 QLD1J-14 0.92 2.04 0.17 -

18 QLD2J-1 0.96 1.84 0.14 -
19 QLD2J-2 0.90 1.95 0.12 -
20 QLD2J-4 1.02 1.63 0.04 -
21 QLD2J-11 0.82 2.23 0.20 -
22 QLD2J-16 0.86 2.03 0.19 -

23 QLD2J-18 0.86 1.92 0.18 -
24 QLD2J-29 0.83 243 0.22 -

25 QLD2J-35 0.83 2.23 0.20 -
26 QLD2J-39 0.85 2.20 0.20 -
Minimum 0.52 1.01 0.01 0.66
Maximum 1.02 2.90 0.22 0.75
Average 0.80 2.02 0.13 0.70

MPI, 1.5(2-MP + 3-MP)/(P + 1-MP + 9-MP), where MP, methylphenanthrene; 1-MDBT, 1-methyldibenzothiophene; 4-MDBT, 4-
methyldibenzothiophene; DBT/Phen, dibenzothiophene/phenanthrene; TPP, tetracyclic polyprenoids (the structure of Csq tetracyclic
polyprenoid) for selected samples
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Figure 9. Chromatograms of the aromatic hydrocarbons in the extracted oil: (a-d) distribution of four

methylphenanthrene isomers at m/z 192; (e-h) distribution of phenanthrene at m/z 178.

1535



1536

Y. Liang et al.

Table 4. Major and trace element (ppm) compositions of the analyzed samples

Sample ID Major and trace elements (ppm)
AL K Ca Ti \% Cr Fe Ni Ga Sr Ba U V/Ni V/Cr V/(V + Ni)

L4-02 546.1 12.83 2939 20290 479 6.04 7695 247 406 289 2148 6.72 1.94 0.79 0.66
L4-07 880.8 42.98 506.1 5614 44 2351 1062 333 393 5814 1938 1493 132  0.19 0.57
L4-18 1675  95.01 957.8 13,510 144 5538 1770 6.47 848 195 1025 7544 223 0.26 0.69
L4P2-01 6729 1004 2967 3567 387 312 2925 184 383 3773 1897 783 210 124 0.68
L4P2-02 910.1 34.85 431.6 2624 3.93 224 2745 086 382 2528 1648 6.8 4.57 1.75 0.82
L4-P3-02 1125 4747 6724 7642 1.1 11.8 7348 192 493 7846 3761 1343 370  0.60 0.79
L4-P3-04 7632 27.05 2515 3795 7.02 14.14 3746 037 3.69 2534 1494 11.01 19.0 0.50 0.95
LH4H-02 1406 1058 6023 3664  48.09 49.85 1121 478 10.63 1058 5138 2922 101  0.96 0.91
Average 997 58 502 7588 12 21 800 3 5 69 35 21 6 0.79 0.76

establish a genetic relationship (correlation) be-
tween the oil sands of the Oligocene Lower Gan-
chaigou Fm and the Middle Jurassic source rocks.
Previous studies (Yang et al. 2004; Yin et al. 2008;
Cao et al. 2009; Fu and Mazza 2011; Guo et al. 2018)
interpreted the Middle Jurassic carbonaceous mud-
stones and organic-rich mudstones to be the major
source rocks in the Northern Qaidam Basin. Cao
et al. (2009) reported that the Lower and Middle
Jurassic source rocks are believed to be the main
source rocks in the Northern Qaidam Basin because
they have relatively high total organic carbon (TOC)
contents (4.0% and 5.0%, respectively).

Yang et al. (2004), Yin et al. (2008), Fu and
Mazza (2011), and Guo et al. (2018) conducted de-
tailed analyses of the organic geochemical charac-
teristics of the Lower and Middle Jurassic source
rocks of the Northern Qaidam Basin, including their
origin and type of organic matter, thermal maturity,
and environmental conditions. The Lower Jurassic
sediments have a wider range of thermal maturities,
ranging from relatively immature to highly mature,
and they contain a mixture of Types II and III
kerogens, while the Middle Jurassic sediments are
generally immature to mature source rocks, with
mainly Types I-II kerogens (Yin et al. 2008). Thus,
Fu and Mazza (2011) believed that the Lower
Jurassic sediments could generate commercial
quantities of oil and gas, whereas the Middle
Jurassic sediments may generate mainly oil due to
their oil-prone kerogen type (Types I-II). In this
study, the oil from the Oligocene Lower Ganchaigou
Fm in the Northern Qaidam Basin and their
asphaltene are similar to the Middle Jurassic sedi-
ments in terms of their kerogen types (Types I-II
kerogens; see “‘Organic Matter Type” section) and
maturity (see ‘“Maturity of Organic Matter” sec-

tion), which suggests that the oil from the Oligocene
Lower Ganchaigou Fm oil sand is mainly derived
from Middle Jurassic source rocks.

Moreover, the Middle Jurassic source rocks
contain more plants and minor aquatic algae than
the Lower Jurassic source rocks; as a result, the
C,7R/Cy9R regular sterane ratios of the Middle and
Lower Jurassic rocks are less and greater than 1.0,
respectively (Yang et al. 2004; Guo et al. 2018). The
Middle Jurassic mudstones and carbonaceous mud-
stones are rich in C, regular steranes, and the
Lower Jurassic oil shales are comparatively richer in
Cy; regular steranes (Guo et al. 2018). The oil sands
in the study area are characterized by low C,;R/
Cy9R regular sterane ratios (i.e., high C,9 regular
steranes; see “‘Origin of Organic Matter” section),
directly indicating that the oil studied here was
generated from the Middle Jurassic carbonaceous
mudstones and organic-rich mudstones. In addition,
plots of Pr/n-Cy; vs. Ph/n-C;g are widely used to
classify oils and their related source rocks (Peters
et al. 2005; Makeen et al. 2015d). The Pr/Ph ratios
are low (< 0.8) in the Middle Jurassic oil shale and
relatively high (1.9 and 2.8) in the carbonaceous
mudstone and organic-rich mudstone samples (Guo
et al. 2018). These relatively high Pr/Ph ratios sug-
gest mixed organic matter deposited under sub-oxic
to oxic conditions, which is in good agreement with
the studied oil sands (see ‘‘Paleo-environmental
Conditions” section).

Compositions of Extracted Oil
Together, the saturated and aromatic fractions

comprise the petroleum-like hydrocarbon fractions.
Hence, the sum of these two fractions is referred to
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Figure 10. Pyrolysis—gas chromatography results obtained for the analyzed asphaltene samples showing doublet n-
alkene/alkane peaks. S- and O-labeled peaks indicate 2,3-dimethylthiophene and ortho-xylene, respectively.
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Table 5. Results of the Py—GC analyses of the extracted oil sands

No. X-(m + p)-xylenes (%) S-2,3-dimethylthiophene (%) nCq-N-alkanes (%)
L4-02 31 9 60
L4-07 32 8 60
L4-18 30 8 62
LA4P2-01 36 8 56
L4-P3-02 28 6 66
L4-P3-04 40 6 54
LH4H-02 35 8 57
Minimum 28 6 54
Maximum 40 9 66
Average 33 8 59
100.00
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Figure 11.

Histogram showing the quantity of hydrocarbon (saturated + aromatic) and non-hydrocarbon (NSO) compounds derived

from the extracted oil sands.

as hydrocarbons (HCs). The high proportions of
hydrocarbons (average 78.43%) and relatively lower
proportions of NSO (average 21.57%) (Table 1 and
Fig. 11) suggest that the extracted oil samples are of
high quality based on the classifications of Peters
and Cassa (1994). This supposition is also supported
by the high ratios of saturated to aromatic hydro-
carbons (average 5.8). Compared with the surface

samples, the core samples are characterized by rel-
atively higher hydrocarbon contents (Figs. 5 and 11).

Maturity of Organic Matter

Many parameters have been suggested and used
to assess the thermal maturity of the Lower Gan-
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chaigou Fm oil sands in the Northern Qaidam Basin.
The studied oil sands are believed to be generated
from thermally mature source rocks based on their
biomarker maturity parameters, including Cs;
homohopane 225/(22S + 22R), moretane/hopane,
Cy9 sterane 205/(20S + 20R), MPI, and MDBT, as
well as their CPI values (e.g., Peters et al. 2004).
Table 2 shows that the Cyoff/(Sf + o) and
208/(20S + 20R) sterane values range from 0.42 to
0.48 and 0.43 to 0.61, respectively, thus indicating
compositions that are typical of mature organic
matter. According to Seifert and Moldowan (1978),
the Cs, 225/228 + 22R homohopane ratio indicates
that organic matter has barely entered the oil gen-
eration stage when its values fall within the range of
0.50-0.54, whereas ratios ranging from 0.54 to 0.62
indicate that the oil window has been reached
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Figure 12. (a) Cyofif/(ccr + ) vs. C29205/(20S + 20R) values
of extracted oil sands are indicative of maturity of oil sand oil
in the study area; (b) cross-plot of C,9205/(20S + 20R) vs.
C3,228/(228 + 22R) for the extracted oil sand samples showing
that the organic matter in most of the studied oil sands entered
the peak stage of the oil window (modified after Peters and
Moldowan 1993).

(Fig. 12a). In the studied oil sands, the ratios of Cs,
hopane 22S5/(22S + 22R) range from 0.57 to 0.64
(Table 2), suggesting that the source rock from
which the extracted oil was generated had at least
reached the early oil window (Fig. 12b). This sup-
position is also indicated by CPI values of ~ 1 and
supported by the MPI and 4-MDBT/1-MDBT ratio
values as discussed previously (e.g., Wilhelms and
Larter 2004). Furthermore, the value of the more-
tane/hopane ratio decreases with increasing thermal
maturity; it is approximately 0.8 in immature bitu-
men and less than 0.15 in mature bitumen (Gran-
tham 1986). The extracted oil from the Northern
Qaidam Basin has an average moretane/hopane ra-
tio value of 0.12, suggesting that the studied samples
are derived from source rocks that have entered the
oil window generation stage. This is further con-
firmed by their relatively high 7/(7T + Ty,) values
(average 0.56). All of these data are consistent with
the biomarker maturity parameters, vitrinite re-
flectance (approximately 0.6%), and T),.x values of
the Middle Jurassic carbonaceous mudstones and
organic-rich mudstone source rocks of the Damei-
gou Fm previously reported by Yin et al. (2008) and
Qin et al. (2018).

Paleo-environmental Conditions

The relative values of pristane (Pr) and phytane
(Ph) are commonly used to evaluate the redox
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Figure 13. Relationship between the pristane/nC;; index and
phytane/nC,g index for the investigated Lower Ganchaigou
Fm oil sands and source rock extracts from the Middle Jurassic
Dameigou Fm in the Northern Qaidam Basin, indicating the
input of a mixed organic matter source (modified after Peters
et al. 2004; Qin et al. 2018).
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and Peters et al. (2004), respectively.

conditions during sedimentation and diagenesis
(Ten et al. 1987). Typically, Pr/Ph values ranging
from 1.0 to 3.0 indicate sub-oxic depositional con-
ditions, whereas high (> 3.0) and low values (< 0.6)
of Pr/Ph indicate oxidizing and anoxic conditions,
respectively (Waseda and Nishita 1998). Moreover,
Pr/Ph values between 1 and 3 reflect oxidizing paleo-
environmental conditions (Peters and Moldowan
1993). The oil extracted from the Northern Qaidam
Basin has pristane/phytane (Pr/Ph) ratios ranging
from 1.07 to 2.89 (Table 2), which further suggests
that their organic matter was deposited under sub-
oxic to oxic conditions (e.g., Makeen et al. 2015a, b).
Additionally, their isoprenoid and n-alkane values
were also calculated (Table 2). Therefore, a high
contribution of mixed organic matter input is likely
indicated by the relatively high values of Pr/nCy;
and Ph/nC;g, which have mean values of 0.68 and
0.39, respectively (Peters et al. 2004; Qin et al. 2018).
This contribution can be clearly seen on the plot of
Pr/nCy; vs. Ph/nCyg ratios, in which the input of

mixed organic matter is associated with deposition
within oxic to relatively anoxic depositional condi-
tions (Fig. 13), and it is also suggested by the low
values of gammacerane/affCsy hopane ratios (aver-
age 0.05) observed in all studied oil samples, which
indicate a weak oxidation-reduction sedimentary
environment. The mixed organic matter and sub-
oxic to oxic paleo-environmental conditions indi-
cated in this study are consistent with the carbona-
ceous mudstone and organic-rich mudstone source
rocks of the Dameigou Fm previously reported by
Qin et al. (2018) as shown in Figure 13.
Furthermore, low contents of uranium (U)
(< 4 ppm) indicate an abundance of oxygen at the
time of deposition, while high U contents
(> 10 ppm) indicate anoxia (Galarraga et al. 2008;
Pattan and Pearce 2009). The studied oil sand sam-
ples have relatively high U concentrations (6.72—
75.44 ppm), indicating oxic to relatively anoxic
depositional conditions. Additionally, iron (Fe,O5)
and chromium (Cr) are also sensitive indicators of
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paleo-redox conditions. Iron is easy to oxidize, and it
is often associated with pyrite. The contents of iron
(average 800 ppm) also indicate that oxic conditions
prevailed during the deposition of these sediments.
Furthermore, Cr is usually enriched in comparison
with V under oxic conditions, and high values of the
V/Cr ratio (> 4.25) indicate anoxic conditions and
low values (< 2) suggest oxidizing conditions. The
V/Cr ratios of the oil sand samples range from 0.19
to 1.75 (average 0.79), thus reflecting oxidizing
conditions within a lacustrine environment.

The evidence for a predominantly lacustrine
depositional environment is based on the observed
Csp tetracyclic polyprenoid (TPP) ratios. High val-
ues of TPP ratios are observed in samples derived
from lacustrine environments, and relatively low
values are observed in samples derived from marine
environments (Holba et al. 2003). The TPP ratios of
the analyzed oil sand samples are relatively high
(ranging from 0.66 to 0.75) (Table 3), indicating that
the organic matter of the oil sands was deposited in a
lacustrine environment (e.g., Silva et al. 2011), which
is supported by the C,4/Cys tricyclic terpane ratios
(Fig. 14a). The relative contents of «fCs;-22R-ho-
pane and offCsy hopane are also commonly used to
distinguish between lacustrine and marine deposi-
tional environments (Peters et al. 2004). Generally,
ratios of less than 0.2 indicate a lacustrine deposi-
tional environment, whereas higher ratios (more
than 0.2) suggest a marine setting (Peters et al. 2004;
Makeen et al. 2015a). The average ratio observed in
the studied samples is 0.15, which therefore strongly
argues for a lacustrine depositional environment
(Fig. 14b), which is also consistent with their asso-
ciated carbonaceous mudstones and mudstone
source rocks of the Dameigou Fm.

Another paleo-environmental indicator is Sr/Ba
(strontium/barium) (Langmuir and Melchior 1985).
High Sr/Ba ratios result from high salinity, whereas low
values suggest low salinity (Mohialdeen and Hakimi
2016; William et al. 2018). The studied oil sand samples
show low Sr/Ba ratios (1.35-3.00 ppm), which is
indicative of low-salinity depositional conditions. The
V/Ni ratios and gammacerane index values also reflect
low-salinity stratification during deposition.

Origin of Organic Matter
The sterane/hopane ratio is a measure of the

eukaryotic vs. prokaryotic input to the source rocks
(Peters et al. 2004). The mean value of the sterane/ho-

pane ratio observed here is 0.15, directly indicating a
terrigenous sedimentary environment. Additionally,
the origin of organic matter can also be evaluated using
specific biomarker parameters, such as 00Cy7:Cy5:Cog
sterane 20R, pristane/n-Cy7 and phytane/n-C;s, tricyclic
terpane/oiCsy hopane, and regular sterane/osCsy ho-
pane (e.g., Huang and Meinschein 1979; Fu et al. 1990;
De Grande et al. 1993; Peters et al. 2004). The relative
abundances of regular C,;—C, steranes are commonly
used to evaluate the sources of precursors. C7 and Cyg
are indicative of algal and higher plant precursors,
respectively (Huang and Meinschein 1979). In this
study, the relative relationship between C,7—Cyg—Cyg
suggests the dominance of higher plant organic matter
(Fig. 14c) (e.g., Moldowan et al. 1986; Peters et al. 2017;
Qin et al. 2018). This interpretation is also consistent
with the plot of Cy;/Cyy regular sterane vs. Cs1-22R-
hopane/Csp-hopane (Fig. 14d) and with the previously
reported carbonaceous mudstone and organic-rich
mudstone source rocks of the Dameigou Fm. The ster-
anes diagram (Fig. 8) supports the relative correlation
between these oil extracts and the Middle Jurassic car-
bonaceous mudstone and mudstone source rocks.

The source rock lithology can also be designated
using biomarker parameters. A high C,9 norhopane/
C50 hopane ratio suggests a carbonate-rich source for
oil, whereas a low norhopane/C;y hopane ratio indi-
cates that the oil originates from clay-rich source rocks
(Rabbani and Kamali 2005). In this study, the ratios of
C,9 norhopane to Csy hopane range from 0.38 to 0.70,
indicating a clay-rich source for the oil studied here.
Furthermore, the relationships between dibenzothio-
phene (DBT) and phenanthrene (P) are also indica-
tors of source rock lithology (Hughes 1995). A DBT/P
ratio of > 1 indicates a carbonate-type facies, while a
DBT/P ratio of <1 indicates a shale/mudstone-type
lithology (e.g., Baumard et al. 1999). Based on this
classification, all of the studied samples possess DBT/P
ratios of < 1, thus indicating a shale/mudstone lithol-
ogy that is consistent with the Middle Jurassic source
rocks of the Dameigou Fm. This directly suggests that
the carbonaceous mudstone and organic-rich mud-
stone source rocks of the Dameigou Fm constitute the
source rocks of the Lower Ganchaigou Fm oil sands in
the study area.

Organic Matter Type
Asphaltene pyrolysis data can be used to pro-

vide information about the quality of the organic
matter of source rocks (Makeen et al. 2015b). Type I
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Figure 15. Ternary diagram of the compounds of 23-
dimethylthiophene, o-xylene (1,2-dimethylbenzene), and n-
non-1-ene (n-Co.1) showing that the kerogen in the studied

samples is Type II kerogen (adapted after Eglinton et al.
1990).

and Type II kerogens, which are commonly derived
from marine and lacustrine organic matter sources,
are capable of generating liquid hydrocarbons. Type
IIT kerogen is mainly derived from woody material;
therefore, it is susceptible to generating gas hydro-
carbons. In contrast, Type IV kerogen is mainly
composed of inert materials and has no hydrocarbon
generation potential (Hakimi et al. 2011). In this
study, a kerogen classification diagram was con-
structed based on the compounds of 23-
dimethylthiophene, o-xylene (1,2-dimethylbenzene),
and n-non-1-ene (n-Cy:1). The Py—GC analysis of
the asphaltene from the analyzed samples suggests
that the kerogen in all samples is Type II kerogen
(Fig. 15), which is consistent with the Middle
Jurassic carbonaceous mudstone and mudstone
source rocks of the Dameigou Fm.

Aliphatic and aromatic hydrocarbons, as well as
sulfur compounds, are the most important com-
pounds that can be generated from pyrolysis analysis
(Hakimi and Abdullah 2013; Makeen et al. 2015a).
Xylene is the main aromatic compound that is
commonly associated with type Il organic matter,
which is produced in amounts that closely elute n-
hydrocarbons (Keym et al. 2006). In this study, or-
tho-xylene was present in relatively high amounts in
all samples (Table 5 and Fig. 10), thus indicating a
type II origin. On the other hand, thiophene sulfur
compounds are another important group that forms

Y. Liang et al.

during pyrolysis analysis, and they normally do not
occur in high abundances in natural oil or bitumen
(Sinninghe and De 1990; Clegg et al. 1998). The
occurrence of 2,3-dimethylthiophene in all analyzed
samples is not high; therefore, it is directly related to
the type of petroleum formed from its corresponding
kerogen type in nature (e.g., Horsfield 1989).

Furthermore, the entire set of samples is tightly
clustered (Fig. 10), and they are consistent with or
similar to the liptinite-rich types of petroleum source
rock. It should be noted that different trends of
chromatograms cannot be observed for samples that
seem to be composed of similar kerogen types
(Keym et al. 2006), which suggests that the organic
matter assemblages within the Qaidam Basin are
very much homogeneous and thus may indicate a
similar type of kerogen (Type II kerogen).

CONCLUSIONS

A suite of organic and inorganic geochemical
evaluation techniques, including chemical composi-
tion analysis and analyses of biomarker parameters
[e.g., MPI, MDBT, CPI C,9 norhopane/Cso hopane,
and dibenzothiophene (DBT)/phenanthrene (P)],
were used to infer the organic matter type, thermal
maturity, paleo-environmental conditions, and oil-
source rock correlations using oil sands extracted
from the Oligocene oil sands of the Lower Gan-
chaigou Fm in the Northern Qaidam Basin. The
following conclusions were drawn.

1. The chemical composition analysis revealed
that the oil samples are of high quality based
on their high yield of hydrocarbon fractions
(44.68-95.58%) and high ratio of saturated
hydrocarbons to aromatic hydrocarbons.

2. The biomarker parameter analysis indicated
that the thermal maturity conditions ranged
from the early to peak oil window stages for
the oil sands, which is generally consistent
with the biomarker maturity parameters,
vitrinite reflectance (approximately 0.6%),
and T,,.x values of the Middle Jurassic car-
bonaceous mudstones and organic-rich
mudstones of the Dameigou Fm in the
Northern Qaidam Basin.

3. The C,9 norhopane/C;y hopane and diben-
zothiophene (DBT)/phenanthrene (P) ratios
indicate a shale/mudstone-type lithology.
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4. Additionally, the observed relationships

among the C,;—C,3—C,9 ratios, other source
input parameters, and paleo-environmental
analysis reflect the dominance of plank-
ton/land plant-sourced organic matter de-
posited in a lacustrine environment and
preserved under sub-oxic to oxic conditions.
This inference together with the high-yield
hydrocarbon content and mudstone source
lithology is consistent with and in support of
the genetic relationship that has been previ-
ously reported for the carbonaceous mud-
stones and organic-rich mudstones of the
Dameigou Fm.

The striking similarities between the struc-
tural kerogen type (Type II) of the studied
asphaltenes and the previously published
kerogen types of the carbonaceous mud-
stones and organic-rich mudstones of the
Dameigou Fm imply that this formation
could be the main source contributing to the
reservoirs in the Northern Qaidam Basin.
Hence, future hydrocarbon exploration pro-
cesses in the Qaidam Basin should focus on
areas that are known to receive a direct

charge from the Middle Jurassic source rocks
of the Dameigou Fm, where the source rocks
are likely to be more mature.
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APPENDIX

See Table 6.

Table 6. Alkane hydrocarbon peaks of the saturated fraction obtained by GC-MS based on the m/z 191 (I) and m/z 217 (II) mass
fragmentogram compound abbreviations

(I) Peak No.
T, 18x(H),22,29,30-trisnorneohopane T,
T 170(H),22,29,30-trisnorhopane T
29 172,21 8(H)-norhopane Cy9 hop
30 170,21 5(H)-hopane Hopane
30M 17 p,21a(H)-moretane C3oMor
29M 17p(H),21a(H)-30-norhopane (normoretane) Normoretane
318 172,21 (H)-homohopane (225) C51(225)
31R 172,21 (H)-homohopane (22R) C;31(22R)
328 172,21 (H)-homohopane (225) C;3,(225)
32R 172,21 (H)-homohopane (22R) C32(22R)
338 170,21 f(H)-homohopane (225) Cs3(225)
33R 172,21 (H)-homohopane (22R) C33(22R)
348 172,21 (H)-homohopane (225) C34(225)
34R 172,21 (H)-homohopane (22R) C34(22R)
358 170,21 (H)-homohopane (225) C35(225)
35R 172,21 (H)-homohopane (22R) C35(22R)
(IT) Peak No.
a 134,17(H)-diasteranes 208 Diasteranes
b 13f,17x(H)-diasteranes 20R Diasteranes
c 130,17 (H)-diasteranes 208 Diasteranes
d 130,17 f(H)-diasteranes 20R Diasteranes
e So,14a(H), 17a(H)-steranes 208 000208
f 50,14B(H), 17B(H)-steranes 20R 2fB20R
g So,14B(H), 17B(H)-steranes 20S o208
h So,140(H), 172(H)-steranes 20R 00o20R
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