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a b s t r a c t

Biodegradation usually obscures or even radically alters the original characteristics of oil biomarkers. The
mixing of oil from multiple sources makes each source difficult to trace. Identifying the source of bio-
degraded oil from multiple sources has always been a hard nut to crack. Rising to this challenge, in this
study-we carried out a comprehensive investigation of biodegradation impacts, oil-source correlation,
and oil charging history to trace the source and reveal the mixing process of biodegraded oil in the
Toutunhe Formation (J2t) in the eastern Junggar Basin, NW China. The oil of this area was biodegraded to
different extent, consequently, many commonly used biomarker parameters (e.g. Pr/Ph, Pr/nC17) became
less powerful for oil-source correlation. To address this problem, the resistance of many biomarkers to
biodegradation was analyzed, and those of high bio resistance were selected to generate a more reliable
oil-source correlation. The results revealed that biodegraded oil was a mixture of oil sourced from
Lucaogou Formation (P2l) and Xiaoquangou Formation (T2-3xq). Core sample observation, microscopic
fluorescent analysis and fluid inclusion analysis were combined to analyze comprehensively oil charging
history. The analysis of accumulation process exhibited that the existing oil in J2t was a mixture origi-
nated from the P2l and T2-3xq source rocks in two separate charging stages when it underwent a
complicated process of charging, biodegradation, recharging and mixing.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Biodegradation is one of the most common secondary alteration
effects of oil reservoirs, bringing about the overwhelming majority
of heavy oils worldwide (Head et al., 2003; Larter et al. 2003, 2006).
Biodegradation acts to break down hydrocarbons, leaving the re-
sidual oil enriched in polar molecules and asphaltene fractions. As a
result, biodegraded oil is typical of high density and viscosity with
high contents of sulfur, resins, asphaltenes, and metals (e.g. Ni and
V) (Larter et al., 2003; Pan et al., 2007; Bao et al., 2007; Bao and Zhu,
2009). Moreover, biomarkers that are more susceptible to biodeg-
radation tend to be degraded faster, therefore, these biomarkers or
biomarker parameters (e.g. phytane, nC25, C30hopane, phytane/n-
octadecane) appear in good correlations with burial depth as
published in many investigations (Larter et al. 2003, 2006, 2006;
y Elsevier B.V. on behalf of KeAi Co
Bennett et al., 2013). The intensity of biodegradation of organic
molecules depends not only on the habitual nature of microor-
ganisms, but also on the structures of organic molecules. Typically,
structurally simple organic compounds are preferentially degraded
than complex ones. For example, isoalkanes are degraded prior to
naphthenes but after n-alkanes, that is to say, organic compounds
with low carbon number are typically consumed prior to thosewith
high carbon number (Schaefer and Leythaeuser, 1980; Peters et al.,
2005). Biomarkers carry a record of the source of organic matter,
thermal maturation, and depositional environment (Abbott et al.,
1985; Chen et al., 1996; Peters et al., 2005; Hao et al., 2011; Wang
et al., 2017), therefore, the oil-source correlation study by using
source-related biomarkers could, in theory, be an effective method
to identify the source of crude oil (Peters et al., 2005; Hao et al.,
2011). However, the biodegradation process usually masks the
original characteristics of biomarkers, which makes them less
powerful to correlate biodegrade oil and source (Bao et al., 2007;
Dawson et al., 2013). So, identifying the source of biodegraded oil
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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has always been a challenge for researchers worldwide.
Subsurface accumulations of biodegraded oil are common

worldwide, such as the Orinoco heavy oil in Venezuela (Mu et al.,
2009), the Athabasca oil sands in the Western Canada Basin
(Zhou et al., 2008; Hubert et al., 2012), aside from the biodegraded
oil reservoirs in the Junggar Basin (Zhang et al., 1988; Chen et al.
2003, 2014; Lu et al., 2016; Huang and Li, 2017), Tarim Basin
(Zhang et al., 2014), Bohai Bay Basin (Cheng et al., 2018), and Liaohe
Basin (Huang and Larter, 2014) of China. Moreover, the Carbonif-
erous (Chang et al., 2018), Triassic and Cretaceous systems (Zhang
et al., 1988; Huang and Li, 2017) in the western Junggar Basin and
the Triassic and Jurassic systems (Chen et al. 2003, 2014; Lu et al.,
2016) in the eastern Junggar Basin have, thus far, produced a
considerable amount of biodegraded oil. The Jurassic, our target
system and home to biodegraded oil, is one of most petroliferous
systems in the eastern Junggar Basin. Many investigators (Chen
et al. 2003, 2014; Lu et al., 2015; Zou et al., 2017) have discussed
the source of Jurassic crude oil. Unfortunately, theymay fail to point
out the impact of biodegradation in their oil-source correlation
investigations (Chen et al. 2003, 2014; Zou et al., 2017). And bio-
markers (e.g. pristane, phytane, and normal alkanes) that are sus-
ceptible to biodegradation are used for oil-source correlation,
which could possibly lead to some misleading conclusions. A more
accurate approach of tracing oil source shall not only analyze the
affinity of biomarkers, but also involve the geological reality of
reasonable history match with oil generation and oil charging, yet
the latter is what may be neglected in many previous in-
vestigations. In this paper, we analyzed the effect of biodegradation
on oil and further selected more reliable biomarker parameters
affected less by biodegradation to trace oil source. In addition, oil
accumulation process was investigated to match the results of oil-
source correlation with the geological reality. The results of this
study could play an important role in guiding future exploration in
the eastern Junggar Basin, as well as provide a more valuable
approach to identify the source of biodegraded oils in other similar
areas.

2. Geological setting

The Junggar Basin, located in the northwest of China (Fig. 1a), is
the second largest sedimentary basin and one of most petroliferous
basins in China. The study area, lies in the eastern Junggar Basin
(Fig. 1b), covering the eastern part of Fukang Sag and Beisantai
Uplift with an area of approximately 2,325 km2 (Fig. 1b). The
basement of the eastern Junggar Basin is a Carboniferous basement,
and its sedimentary units ranges from Permian to Quaternary
(Fig. 1b). Multistage tectonic movements of Hercynian, Indosinian,
Yanshanian, and Himalayan (Zhang et al., 2001; Ding et al., 2017)
caused frequent uplifts and subsidences of strata, resulting in a
large number of West-East faults (Wu et al., 2014; Chen et al., 2016)
and unconformities (Wu et al., 2002; He, 2007).

Our study target, the Toutunhe Formation (J2t) t in the Middle
Juraasic System of the eastern Junggar Basin, is one of most pet-
roliferous systems with great proven oil reserves and undiscovered
resources. The sedimentary facies of J2t is characterized by
meandering river delta (Zhang et al., 2001; Bao et al., 2002a,b). The
dominant lithology of lower member of J2t is greyish-green or gray
medium-fine grained sandstone, while upper member is domi-
nated by greyish-green mudstone (Fig. 1c). The sandstones in the
lower member of J2t are superior reservoirs with porosity ranging
from 5.4% to 31.67% and an average of 16.89%, which arewell sealed
by mudstones in the upper member of J2t and the Lower Qigu
Formation (J3q). Oil and gas exploration of the Jurassic System
began and expanded in the last decade, during which Santai and
Fudong oilfields that contained several lithological oil reservoirs
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were discovered (Chen et al. 2003, 2014). The Well F32 drilled in
2018 discovered significant hydrocarbon reserves, and produced at
166 t/d of oil and 20,610 m3/d of gas, which indicated high explo-
ration potential of the Jurassic Systemwith estimated oil reserve of
8.242 � 107 t (Chen et al., 2014).

3. Samples and methods

3.1. Sample information

A total of 306 samples, including source rocks from the P2l, the
T2-3xq, and the Jurassic; free oils and oil-bearing sandstone sam-
ples, were studied. 71 source rock samples were used for total
organic carbon (TOC) and RockeEval analysis. 70 source rock
samples and 44 oil-bearing sandstone samples were selected for
compound-specific stable carbon isotope analyses. 48 source rock
samples and 68 free oil or sandstone samples were used for GC and
GCeMS analyses. Fluid inclusion observation and measurement
was conducted on 5 reservoir rock samples.

3.2. TOC and Rock-Eval analysis

The TOC of the core samples was measured using a LECO CS-230
analyzer. A RockeEval instrument was used to measure S1, S2 and
Tmax (temperature of maximum kerogen cracking) following the
analysis method of Chinese Petroleum Industry Standard of Rock-
Eval analysis GB/T 18602-2012. The temperature was set at
300 �C and held for 3 min, and then turned up to 650 �C at a rate of
25 �C/min.

3.3. Carbon isotope analysis

70 source rock samples and 44 oil-bearing sandstone samples
were selected for stable carbon isotope analysis. The source rock
and oil-bearing sandstone samples were crushed to 80 mesh. 30 g
of crushed samples were extracted by chloroform following Soxhlet
method for 72 h to obtain chloroform extracts. The carbon isotope
analysis for extracts were carried on a FLASH HT EA-MAT 253 IRMS.
Test conditions were as follow: helium (99.999%) as carrier gas with
flow 100 mL/min flowrate, oxygen (99.995%) as combustion gas
with 250 mL/min flowrate, 980 �C reactor Temperature, reactor
filling materials of chromium oxide, reduced copper, and silver/
cobalt oxide. Results were reported in standard per mil d-notation
relative to the V-PDB standard.

3.4. GC and GCeMS analysis

The gas chromatograph (GC) used for analyzing the saturated
fractions was a Hewlett-Packard 6890 fitted with an HP-5 column
(30 m � 0.32 mm � 0.25 mm). Nitrogenwas used as carrier gas. The
GC oven temperature was initially set at 80 �C for 5 min, then
programmed to 290 �C at 4 �C/min and held for 30 min. The gas
chromatographyemass spectrometry (GCeMS) analysis of satu-
rated hydrocarbon was performed using a Thermo-Trace GC Ultra-
DSQ II system, equipped with an HP-5MS fused silica column
(60m� 0.25mm� 0.25 mm). Heliumwas used as carrier gas, with a
pilot pressure of 30 psi. The GC oven was initially set at 100 �C and
held for 5 min, and subsequently increased to 220 �C at 4 �C/min,
and eventually to 320 �C at 2 �C/min. The temperature was held at
320 �C for 20 min. The transfer line temperature was set at 280 �C
and the ion source temperature at 280 �C. The GCeMS systemwas
operated in the electron impact (EI) mode with 70 eV and 200 mA.
Following the same testing procedures, a total of 116 samples were
analyzed, which includes source rocks of P2l and T2-3xq, and free
oils and oil-bearing sandstones from the Fudong and Santai



Fig. 1. (a) Map of the Junggar Basin in northwestern China, showing the location of the study area; (b) structure-contour map of the surface of the Toutunhe Formation in the
eastern Junggar Basin; (c) summary lithostratigraphy of the eastern Junggar Basin, showing potential source rocks, reservoirs, and seals. Sys. ¼ System.
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oilfields.
3.5. Microthermometry of fluid inclusions

Polished thin sections were prepared for fluid inclusion obser-
vation and then measured under a Leica DMRXP optical micro-
scope, following the method of Chinese Petroleum Industry
1035
Standard SY/T6010-2011. Microthermometry was conducted on a
Linkham THMSG600 heatingecooling stage. The fluid inclusion test
involved two steps. The first step was to observe the diagenetic
process of hydrocarbon-bearing inclusions in thin sections. The
second step was to measure the homogenization temperature of
the brine inclusions associated with hydrocarbonebearing in-
clusions. All of the above instrumentation and processing
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procedures were accredited by the China Metrology Accreditation
(CMA). Because Since the presence of oil inclusions tends to provide
poor estimates of their trapping temperature, homogenization
temperatures were only measured on the primary homogeneous
phase brine inclusions that are paragenetic with oil inclusions
(Emery and Robinson, 1993). For two-phase (liquid and vapor)
aqueous inclusions in oil-bearing sandstone samples, measure-
ments of the homogenization temperatures were taken on double-
side polished wafers. The heating and cooling rates were 5 �C/min
and the accuracy of the homogenization temperature was about
0.1 �C. A total of 37 fluid inclusions from 5 core samples were
investigated.

3.6. Basin modelling

Basin modelling is a widely used technique to reconstruct the
burial and thermal histories. Its applications have been successful
in many petroliferous basins at various locations (Shalaby et al.
2011, 2013; Hakimi and Abdullah 2015a, 2015b; Ding et al., 2018).
In this study, we used the BasinMode Software to simulate the
thermal and hydrocarbon generation histories of P2l, T2-3xq, and
Jurassic source rocks. Based on this, the burial and thermal histories
of the region were reconstructed through one-dimensional
modelling of Well Fu10 and B81. The geological data inputs in the
simulation were the present-day thicknesses, lithologies, depths,
and temperatures of the strata, and the input geochemical pa-
rameters included TOC, Ro and Rock-Eval pyrolysis data. Maturity
was calculated using the Easy% Ro model of Sweeney and Burnham
(1990).

4. Results and discussion

4.1. Biodegradation and its impact

4.1.1. Physical properties and bulk composition
The physical properties and bulk composition of oil are good

indicators of biodegradation (Moldowan and Talyzina, 1998; Larter
et al., 2003; Peters et al., 2005). The density of crude oil from Santai
and Fudong oilfields was positively correlated with viscosity
(Fig. 2). The density of oil (test temperature 20 �C) from Fudong
Fig. 2. Density versus viscosity of oil
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Oilfield ranged from 0.8205 to 0.9342 g/cm3 with an average of
0.8631 g/cm3, indicating that crude oil was light (0.805e0.870 g/
cm3) or intermediate (0.870e0.934 g/cm3) oil. The viscosity of
crude oil (test temperature 50 �C) from Fudong Oilfield display an
extentsive range from 1.0 to 1,000 mPa s. In contrast, the oil of
Santai Oilfield was heavier as its densities were mostly over
0.880 g/cm3 showing an average value of 0.9175 g/cm3. The vis-
cosity values were above 100 mPa s with the maximum up to
118,000 mPa s.

The analysis on the bulk composition of oil suggested strongly
that the content of saturated hydrocarbon was negatively corre-
lated with density (Fig. 3). This was due to the priority degradation
of saturated hydrocarbon compared to aromatic hydrocarbon, non-
hydrocarbon & asphaltene. The distribution of saturated hydro-
carbon content of crude oil from Fudong oilfield was relatively
discrete. The majority of saturated hydrocarbon content of light,
intermediate, and heavy oils was >65%, 55%e65%, and <45%,
respectively. In contrast, oils from Santai Oilfield had lower satu-
rated hydrocarbon content, higher non-hydrocarbon & asphaltene
contents than those from Fudong Oilfield. To be more specific, the
saturated hydrocarbon content of intermediate oil from two oil-
fields was similar, while heavy oil form Santai Oilfield had lower
saturated hydrocarbon content (35%e50%) relative to Fudong oil-
field. Biodegradation could explain this difference, in other words,
oils from Santai Oilfield had been more severely biodegraded than
those from Fudong Oilfield. This is supported by the theory that
non-hydrocarbon & asphaltene are considered to be more resistant
to biodegradation than saturated hydrocarbon (Peters et al., 2005).
4.1.2. GC and GC-MS
Due to different resistance to biodegradation, organic molecules

tend to be degraded at different rates (Larter et al., 2003; Peters
et al., 2005; Bennett et al., 2013; Wang et al., 2013). The first in-
dications of oil biodegradation typically occurred with the selective
removal of normal alkanes. As biodegradation proceeded, normal
alkanes are degraded faster than mono- and multi-methylated al-
kanes (Peters et al., 2005). When oil was very slightly or slightly
biodegraded as shown in Well FD022 and FD7, almost all the
normal alkanes were readily detected on the TIC (total ion chro-
matogram) gas chromatogram (Fig. 4a, b). Further onto moderate
from Santai and Fudong oilfields.



Fig. 3. Ternary plot showing relative abundances of saturated hydrocarbon, aromatic hydrocarbon and non-hydrocarbon & asphaltene.
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biodegradation, normal alkanes were obviously consumed (Fig. 4c).
When it comes to heavy biodegradation, vast majority of the
normal alkanes were significantly consumed (Fig. 4d). When the
normal alkanes were almost broken down entirely, the major
resolved compounds diminished, and the chromatographic base-
line hump became more prominent, reflecting the presence of
considerable unresolved complex mixture (UCM). Normal and
branched alkanes had the highest susceptibility to biodegradation,
followed by acyclic isoprenoids such as pristane and phytane
(Peters et al., 2005). When oil samples were very slightly or slightly
biodegraded, nC17 and nC18 exhibited significantly higher abun-
dances than pristane and phytane (Fig. 4a, b). As biodegradation
proceeded, the difference virtually disappeared as shown in Fig. 4c
to f. In the case of heavy biodegradation, pristane and phytanewere
also largely removed, subsequently, the absolute abundances of
them were significantly lower (Fig. 4d).

Many biodegraded oils contained abundant 25-norhopanes
(Trendel et al., 1990; Li et al., 2015), and high abundance of 25-
norhopanes was the evidence for heavy or severe biodegradation.
Among all oil samples, 25-norhopanes were only detected in a
small number of samples. These oil samples detected 25-
norhopanes were heavily biodegraded, the majority of them were
distributed in Santai Oilfield, and the buried depth was generally
less than 2300m. On the m/z 177 mass chromatogram, the 25-
norhopanes with carbon number of 28e31 were only detected in
heavily biodegraded oils (Fig. 4h), whereas they were absent in the
very slightly, slightly, or moderately biodegraded oil samples
(Fig. 4eeg). It is held that 25-norhopanes might originate from
direct microbial degradation of hopanes (Peters et al., 1996; Chen
et al., 2003; Huang, 2017a; Cheng et al., 2018). The 25-
norhopanes with carbon number of 28e31 may be from bio-
degraded hopanes with carbon number of 29e32, which was
consistent with that decreasing ratios of Gam/C30H (gammacerane/
C30 17a(H)-hopane) and Gam/C31H(SþR) (gammacerane/17a(H),
21b(H)e30ehomohopane (22S þ 22R)) with depth, as shown in
Fig. 5d, e. Considering the occurrence frequency of 25-norhopanes,
the highest biodegradation degree of this study area could be
deemed as heavy, but not up to very severe.

Abundant tricyclic terpanes with carbon number from 19 to 29
were readily detected on the m/z 191 mass chromatograms (Fig. 4 i
to l). Tricyclic terpanes appeared to present similar distribution
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characteristics even though they underwent different degrees of
biodegradation. Tricyclic terpanes with carbon numbers from 19 to
24 were more abundant than those with carbon munbers from 26
to 29. Tricyclic terpanes were substantially more resistant to
biodegradation than normal, branched hydrocarbons, and acyclic
isoprenoids (Peters et al., 2005; Wang et al., 2013; Chang et al.,
2018). Because of this, tricyclic terpanes with carbon numbers
ranging from 23 to 29 still had high abundances, even though crude
oil had been heavily biodegraded.

5a(H), 14a(H), 17a(H)eC27 sterane(20S) (C27S, abbreviated
similarly hereinafter), 5a(H), 14a(H), 17a(H)eC28 sterane(20S)
(C28S), and 5a(H), 14a(H), 17a(H)eC29 sterane(20S) (C29S) pre-
sented similar characteristics on the m/z 217 mass chromatograms,
noted that C27S<C28S<C29S. However, the increasing trend from
C27S to C28S to C29S of oil in different biodegradation degrees still
had differences. When slight biodegradation occurred, as shown in
Fig. 4m, the increasing trend from C27S to C28S to C29S presented
itself like a mirrored “L”. As biodegradation became stronger, the
rising slope from C27S to C28S became steeper (Fig. 4 n, o). The
increasing trend from C27S to C28S to C29S turned into a similar
shape of ascending straight line in the heavily biodegraded oils
(Fig. 4p). The different trends of relative abundance between C27S,
C28S, and C29S in crude oils may be a response to biodegradation in
different degrees. The susceptibility of steranes to biodegradation
typically decreased with increasing carbon number for each
isomeric configuration (Seifert et al., 1984; Peters et al., 2005).
Therefore, C27S usually degraded faster than C28S and C29S, and the
relative abundance of C27S was lower in heavily biodegraded oils
than that in very slightly biodegraded oils. In summary, the effect of
biodegradation on oils could be effectively unveiled through the GC
and GC-MS. The real shapes of GC and GC-MS of crude oils without
biodegradation may be more similar to Fig. 4a, e, i, m.
4.1.3. Biomarker parameters
As showed above, microbial selective degradation could, to a

large extent, cloud the tracing and evaluation of biomarkers. Pre-
vious investigations claimed that Pr/nC17, Ph/nC18 (Bao et al.,
2002a,b; Dou et al., 2005), Gam/C30H, Gam/C31H (Bao et al.,
2002a,b) increase and Pr/Ph (Dou et al., 2005; Bao et al., 2007)
decreases with the increasing of biodegradation. The influence of
biodegradation on these susceptible biomarker parameters should



Fig. 4. TIC gas chromatogram, m/z 177, m/z 191, and m/z 217 mass chromatogram of
oils in the Toutunhe Formation. Pr ¼ pristine; Ph ¼ phytane; Ci 25-NH ¼ Ci 17a-25-
norhopane, i ¼ 28 to 31; Ci TT ¼ Ci tricyclic terpane, i ¼ 19 to 26, 28, 29;
C24Te ¼ C24tetracyclic terpane; C30H ¼ C30 17a(H)-hopane; C31HS ¼ 17a(H),
21b(H) �30ehomohopane (22S); C31HR ¼ 17a(H), 21b(H)-30ehomohopane (22R);
C32HS ¼ 17a(H), 21b(H)-30, 31ehomohopane (22S); C32HR ¼ 17a(H), 21b(H)-30,
31ehomohopane (22R); Gam ¼ Gammacerane; Ci S ¼ 5a(H), 14a(H), 17a(H)eCi sterane
(20S), i ¼ 27 to 29. The pentagrams in color red, dark blue, green, and sky blue rep-
resented respectively the samples at the depth 1912 m of Well XQ13, 2423.88 m of
Well T62, 2826.57 m of Well FD7, and 3298.54 m of Well FD022.

Fig. 5. Density and biomarker parameters versus depth showing significant effect of biodeg
color red, dark blue, green, and sky blue had the same indications in Fig. 4.
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be taken into consideration in oil-source correlation (Bao et al.,
2002a,b). Hence, in order to enhance the reliability of oil-source
correlation of biodegraded oil, it is crucial to validate the
biomarker parameters that remain inert to biodegradation. Reser-
voir temperature is a major factor that controls biodegradation.
Biodegradation of petroleum is usually strongest at or near surface
and tend to weaken with depth (Peters et al., 2005; Bennett et al.,
2013). Furthermore, the relationship between biomarker parame-
ters and depths was analyzed as shown in Figs. 5 and 6. The results
demonstrated that several biomarker parameters commonly used
for oil-source correlation showed good correlation with oil density
and depth. Firstly, in either Santai or Fudong Oilfield, oil densities
decrease with depth. The densities of oil samples from below
2,500 m in Santai Oilfield below 2,500 m ranged from 0.900 to
1.000 g/cm3, while most of oil samples over 2,500m in Fudong
Oilfield had smaller densities ranging from 0.800 to 0.900 g/cm3

(Fig. 5a). Secondly, the Pr/nC17, Gam/C30H, and Gam/C31H(SþR)
ratios correlated negatively with depth and positively with oil
density (Fig. 5b, d, e). The Pr/Ph ratios showed strong positive
correlation with both depth and density (Fig. 5c). Changes of these
biomarker parameters were mostly likely caused by the selective
biodegradation of organic molecules. Normal alkanes are more
susceptible to biodegradation than acyclic isoprenoids such as
pristane and phytane (Schaefer and Leythaeuser, 1980; Peters et al.,
2005). According to this, nC17 degrades faster than pristane, and the
Pr/nC17 ratios increase as biodegradation exacerbates. Similarly, the
gammacerane has higher resistance to biodegradation than C30

17a(H)-hopane, 17a(H), 21b(H)e30ehomohopane (22S), and
17a(H), 21b(H)e30ehomohopane (22R) (Peters et al., 2005; Huang,
2017). Besides, selective biodegradation of the pristane typically
occurs at a higher rate because it has a lower carbon number than
the phytane. Although Pr/nC17, Pr/Ph, Gam/C30H, and Gam/
C31H(SþR) ratio are commonly used as reliable biomarker param-
eters for oil-source correlation, unfortunately, normal alkanes,
pristane, phytane, C30-17a(H)-hopane, 17a(H), and 21b(H)e
30ehomohopane are evidently prone to be selectively degraded,
especially when the biodegradation degree is anywhere above
moderate. In this paper, it was concluded that these biomarker
parameters may be less powerful to determine the source of bio-
degraded oil. Thus, in this case, it was essential to single out more
reliable biomarker parameters to trace the source of biodegraded
crude oil.

By comparison, the C19eC45 tricyclic terpanes and tetracyclic
terpanes are highly resistant to biodegradation, which could sur-
vive even when hopanes are gone (Palacas et al., 1986; Peters et al.,
radation on density, Pr/nC17, Pr/Ph, Gam/C30H, and Gam/C31H(SþR). The pentagrams in



Fig. 6. Biomarker parameters versus depth showing significant effect of biodegradation on C24TT/C23TT, C22TT/C21TT,
P

TT/
P

Te, and C24Te/C26TT. The pentagrams in color red, dark
blue, green, and sky blue had the same indications in Fig. 4.
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2005). Several parameters with respect to tricyclic and tetracyclic
terpanes such as C24 tricyclic terpane/C23 tricyclic terpane (C24TT/
C23TT), C22 tricyclic terpane/C21 tricyclic terpane (C22TT/C21TT),

P

tricyclic terpanes/
P

tetracyclic terpanes (
P

TT/
P

Te), and C26 tri-
cyclic terpane/C24 tricyclic terpane (C24Te/C26TT) were found to be
more inert to biodegradation. It could be seen from Fig. 6a, b, c &
d that these parameters changed within certain ranges, but
remained no obvious correlation with biodegradation degree. The
C24TT/C23TT ratios mainly ranged from 0.5 to 0.7 with an average
value of 0.58 (Fig. 6a). Similarly, most of the C22TT/C21TT ratios were
concentrated between 0.1 and 0.3 with an average value of 0.23
(Fig. 6b). In spite of different degree of biodegradation, the

P
TT/

P
Te ratios did not change muchwith depth. Although the oils from

Santai Oilfield suffered more from biodegradation than those from
Fudong Oilfield, their

P
TT/

P
Te ratios were still similar, most of

them ranging between 6 and 12 with an average value of 9.30
(Fig. 6c). C24Te/C26TT ratios of Fudong oils presented relativelymore
scattered than those of Santai oils. However, these ratios did not
show significant correlation with biodegradation degree, but most
of them changed in the range of 0.7e1.4 (Fig. 6d). For validation
purpose, four typical C24Te/C26TT ratios representing different de-
gree of biodegradationwere selected for comparison. At the depths
of 1912 m, 2423.25 m, 2813 m and 3298.54 m, the ratio was 1.05,
0.93, 1.24 and 1.23 respectively, fitting in a very tight range (Fig. 6d).
All in all, these tricyclic terpanes and tetracyclic terpanes ratios
maintained high stability regardless of biodegradation degree. In
other words, these parameters that were inert to biodegradation,
could be used as effective biomarker parameters for oil-source
correlation.

In summary, the oil in this study area was typically biodegraded
to different extent from very slight to heavy. The degree of
biodegradation decreased with buried depth of oil samples. The
highest biodegradation degree could be deemed as heavy, but not
up to a very severe degree. The most of oil from Santai Oilfield
underwent moderate to heavy biodegradation, while that from
Fudong Oilfield underwent moderate to slight biodegradation, in
other words, oil from Santai Oilfield suffered more from biodeg-
radation than that from Fudong Oilfield.
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4.2. Potential source rock

4.2.1. Hydrocarbon generation potential
There were four hydrocarbon generative source rocks of

Carboniferous, Permian, Triassic, and Jurassic age in the eastern
Junggar Basin (Fig. 1b). The total organic carbon (TOC) content of P2l
ranged from 0.46% to 6.72% with a mean value of 1.84%. The S1þS2
value of the source rock samples was in the range of 0.36e26.28mg
HC/g rock with an average value of 5.02 mg HC/g rock. This indi-
cated that the source rocks had high organic matter abundance.
Most of the T2-3xq source rock samples had TOC contents greater
than 0.6%, and S1þS2 values over 1.0 mg HC/g rock, reflecting
slightly lower organic matter abundance than P2l source rock. The
Jurassic source rocks, by contrast, had the lowest organic matter
abundance with 0.3%e2.09% (0.87% on average) TOC, and
0.06e3.55 mg HC/g rock (1.22 mg HC/g rock on average) S1þS2
(Fig. 7a). Cross-plots of Tmax versus HI (S2/TOC) showed that P2l and
T2-3xq source rocks were dominated by type II kerogen, the differ-
ence being T2-3xq source rocks having a higher content of type II2
organicmatter. The organicmatter type of Jurassic source rockswas
mainly type II2 and III, reflecting the gas-prone potential (Fig. 7b).
Owing to the high abundance and type II organic matter, the P2l
source rocks were believed to generate a considerable amount of
oil, and were the best source rocks in this area, followed by T2-3xq
source rock. Due to lower organic matter abundance and gas-prone
organic matter type, Jurassic source rocks were considered to be
with limited potential to generate oil. The Carboniferous source
rocks mainly composed of mudstone and tuffaceous mudstone,
with main organic matter type III, having great gas generative po-
tential, as investigated by explorers that the gas of Kelameili Gas-
field located in Eastern Junggar Basin originated from
Carboniferous source rocks (Yuan et al., 2015; Xiang et al., 2016).
Therefore, the Jurassic and Carboniferous source rocks may not be
the primary oil source for Fudong and Santai oilfields. Besides,
Fudong and Santai Oilfield were located near or within the pinch-
out line of P2l source rock (Fig. 1a), consequently, the in-situ source
rocks in oilfield areas were thin or absent. So as a conclusion, the
deep depression zone, rather than the autochthonous area where
oilfields were located, was supposed to be the primary area for P2l
source rock to generate substantial amount of oil.

Further, in order to define the time when the source rocks
reached oil window as well as the peak of oil generation,



Fig. 7. Characteristics of P2l, T2-3xq, and Jurassic source rocks. (a) cross-plot of S1þS2 versus TOC content showing hydrocarbon generation potential of source rocks; (b) cross-plot of
HI (hydrogen index) versus Tmax showing different types of kerogen and their maturities.

Fig. 9. Oil generation history of P2l and T2-3xq source rocks.
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reconstructing hydrocarbon generation histories of source rocks
was carried out based on BasinMode Software. The input data in the
simulation involved present-day strata thickness, lithology, depth,
and temperature. Geochemical input parameters for modelling
including TOC, Ro and Rock-Eval pyrolysis data. Maturity was
calculated using the Easy% Ro model of Sweeney and Burnham
(1990). Organofacies for P2l, and T2-3xq source rocks were
assigned as Type II (BMOD-1D LLNL), while Type III (BMOD-1D
LLNL) was assigned to the Jurassic source rock. The modelling re-
sults showed that the P2l source rocks reached oil window at
190 Ma (Early Jurassic) and oil generation peak at about 164 Ma
(Middle-Late Jurassic), while the Triassic source rocks reached the
oil window and oil generation peak at about 104 Ma (Middle
Cretaceous) and 91 Ma (Middle Cretaceous) respectively (Fig. 8,
Fig. 9). By comparison, the Jurassic source rocks matured late,
although their burial depths of Jurassic source rocks exceeded
4,800 m (e.g. Well D6), and their present-day Ro values were as low
as 0.64%e1.08% with an average value of 0.77%. The burial and
thermal history of Well D6 showed that the earliest time when the
Jurassic source rocks reached oil window was the Early Paleogene
(Fig. 10), which was apparently later than P2l and T2-3xq source
rocks.
4.2.2. Carbon isotopes and biomarkers
Carbon isotopes of oil generated by organic matter biologically

sourced from terrestrial higher plants are typically heavier than
that from lower organisms (Aichner et al., 2010). The carbon
Fig. 8. Burial and thermal history of Well Fu10 showing the time

1040
isotopes of P2l source rocks were the lowest ranging from�33.32‰
to �28.76‰with the mean value of �30.78‰, followed by those of
T2-3xq source rocks ranging from �31.79‰ to �27.48‰ with the
mean value of�29.59‰ (Fig.11). Whereas, the Jurassic source rocks
had relatively higher carbon isotopes ranging from �29.60‰
s when P2l and T2-3xq source rocks reached the oil window.



Fig. 10. Burial and thermal history of Well D6 showing the earliest time when Jurassic source rocks reached the oil window.

Fig. 11. Carbon isotopes of chloroform extracts from P2l, T2-3xq, Jurassic source rocks and oil-bearing sandstones showing differences between source rocks and correlation between
source rocks and oil.
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to �25.19‰with the mean value of �27.49‰, which indicated that
organic matter in the Jurassic source rocks predominantly sourced
from terrestrial higher plants. This conclusion could be supported
by the discovery of coal seams in the Jurassic strata (Fig. 1c).

As mentioned above, due to greater resistance to biodegrada-
tion, tricyclic terpanes with carbon number of 21e24 were selected
for oil-source correlation. A cross plot of C24TT/C23TT versus C22TT/
C21TT was drawn to differentiate between P2l and T2-3xq source
rocks (Fig. 12). On the plot, it was clear that the T2-3xq source rocks
had higher values of C24TT/C23TT and C22TT/C21TT than P2l source
rocks. C24TT/C23TT, C22TT/C21TT ratios of T2-3xq source rocks ranged
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from 0.54 to 0.93 with an average of 0.67, 0.12e0.36 with an
average of 0.23, while C24TT/C23TT, C22TT/C21TT ratios of P2l source
rocks were smaller ranging from 0.26 to 0.71 with an average of
0.42, and 0.05e0.29 with an average of 0.15 respectively.

Tricyclic terpanes are generally believed to derive mainly from
algae and bacteria (Fu et al., 2009; Duan et al., 2009), while
terrigenous organic matter has relatively high C24 tetracyclic ter-
pane abundance (Zhang and Huang, 2005; Duan et al., 2009). The
P

TT/
P

Te and C24Te/C26TT ratios of T2-3xq and P2l source rocks
presented great differences, as shown in Fig. 13. Most of C24Te/
C26TT ratios of T2-3xq source rocks ranged from 1 to 10, while those



Fig. 12. C24TT/C23TT versus C22TT/C21TT showing difference between source rocks and correlation between source rocks and Fudong oil (a) or Santai oil (b).

Fig. 13. C24Te/C26TT versus
P

TT/
P

Te showing difference between source rocks and correlation between source rocks and Fudong oil (a) or Santai oil (b).
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of P2l source rocks were mostly below 1. Similarly, the
P

TT/
P

Te
ratios of T2-3xq source rocks ranged from 1.23 to 17.07 with an
average of 8.07, while P2l source rocks ratios were substantially
higher, with a minimum value of 7.02, a maximum value of 62.79
and an average value of 14.33. P2l source rocks had relatively larger
P

TT/
P

Te ratios and smaller C24Te/C26TT ratios than those of T2-3xq
source rocks (Fig. 13). Therefore, it could be concluded that the
organic matter of P2l source rocks may have more algae and bac-
teria input, and this was consistent with its lighter carbon isotope
(Fig. 11).
4.3. Oil-source correlation

In this paper, carbon isotope, reliable biomarkers, and oil accu-
mulation history were combined to correlate oil and source rocks.
Carbon isotope analysis of chloroform extracts from P2l, T2-3xq,
Jurassic source rocks and oil-bearing sandstones was carried out to
show differences between source rocks and correlation between
source rocks and oils. The carbon isotope values of oil-bearing
sandstones from Santai Oilfield and Fudong Oilfield mainly
ranged from �31.85‰ to �29.57‰, �31.51‰ to �29.28‰ and with
mean values of �30.86‰, �30.39‰ respectively. The majority of
carbon isotope values of Jurassic source rocks was in the range
of �28.41‰ e �26.58‰ with an average of �27.48‰. Clearly, the
carbon isotope values of oil-bearing sandstones were 1e3‰ heav-
ier than themajority of these of Jurassic mudstones, which revealed
poor correlation between J2t oil and Jurassic source rocks. Addi-
tionally, a much later oil window of Jurassic source rocks could
exclude the possibility that the Jurassic source rocks could be oil
source for the J2t reservoirs. The earliest time for Jurassic source
rocks to reach the oil window was the Early Paleogene (Fig. 10),
whereas the charging times of J2t reservoirs recorded by fluid in-
clusions were before the Late Cretaceous. Therefore, oil in J2t was
more likely sourced from P2l or/and T2-3xq mudstone rather than
Jurassic mudstone.

Further, for the sake of determining the precise source of
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biodegraded oil in J2t, preferable biomarker parameters were
optimized to correlate the P2l, T2-3xq mudstone and oils. As previ-
ously discussed, the cross plots of C24TT/C23TT versus C22TT/C21TT
and C24Te/C26TT versus

P
TT/

P
Te were perfectly effective to

differentiate the characteristics of P2l and T2-3xq source rocks. As
can be seen from Figs. 12 and 13, these biomarker ratios of oil from
Santai or Fudong Oilfield changed in a limited scale, but distributed
in shaded areas of two source rocks. As can be seen from Figs. 12a
and 46.6% of oils from Fudong oilfield distributed in the T2-3xq
source rock area, while 53.4% of them distributed in the P2l source
rock area. Similarly, oils from Santai oilfield approximately equally
distributed in the T2-3xq and P2l source rock areas, which accounted
for 50.9% and 49.1% respectively (Fig. 12b). From Fig. 13a, oils from
Fudong oilfield distributed in the T2-3xq source rock area accounted
for 53.3%, and that distributed in the P2l source rock area accounted
for 46.7%. Oils from Santai oilfield distributed in the T2-3xq source
rock area accounted for 47.3%, and the proportion of that distrib-
uted in the P2l source rock area was 52.7% (Fig. 13b). These
biomarker ratios of oils from Santai or Fudong Oilfield changed in a
limited scale, but approximately equally distributed in shaded areas
of two source rocks. It indicated that oils in these two oilfields
originated from both two source rocks rather than one of them.
4.4. Oil accumulation history

A more accurate approach of tracing oil source shall not only
analyze the affinity of biomarkers, but also involve the geological
reality of reasonable history match with oil generation and oil
charging. Therefore, core sample observation, microscopic fluo-
rescent analysis and fluid inclusion analysis were all integrated to
perform a comprehensive analysis of the charging history and
accumulation process of oil. A substantial solid bitumen was found
in the dissolved pores or cracks of oil-bearing sandstone core
samples (see Fig. 14), which indicated that solid bitumen was a
response to biodegradation as mentioned above.

Hydrocarbons emit fluorescence under ultraviolet light, and the



Fig. 14. Oil-bearing sandstone core samples with black solid bitumen showing biodegradation. Sample A (a): Bei 95, 2297.02e2297.26m, J2t, oil-bearing sandstone; Sample B (b): Tai
62, 2423.83e2423.91m, J2t, oil-bearing sandstone; Sample C (c): FD081, 2655.99e2656.04m, J2t, oil-bearing sandstone; Sample D (d): Tai102, 2175.78e2175.88m, J2t, oil-bearing
sandstone.
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fluorescent colors vary with different bulk composition and
maturity. Therefore, fluorescence is commonly used to investigate
hydrocarbon migration and charging stage (Lin et al., 2017; Si et al.,
2013). Multi-stage oil charging could lead to the coexistence of
hydrocarbons with different fluorescent colors (Eadington et al.,
1991). The microscopic fluorescent photographs a-e in Fig. 15
were from J2t reservoirs of the Fudong Oilfield, the photographs
h-l were from the reservoir of the Santai oilfield, and the photo-
graphs f-g were from wells between the two oilfields. Among all
these photographs, two fluorescence colors coexisted regardless of
well location. One fluorescent color was light brown to dark brown,
while another one was blue to blueish white. These two distinct
fluorescent colors reflected that oil in the Toutunhe Formation was
mixture originated from at least two charging stages. Taking
aforementioned oil biodegradation into account, we believed that
the light brown to dark brown fluorescence corresponded to the
residual bitumen formed from biodegradation in the first charging
stage, while blue to blueish white fluorescence corresponded to
normal non-biodegraded oil in the later charging stage. Two
distinct colors of fluorescence coexisted in J2t reservoirs of almost
all wells, nonetheless, there were some identifiable differences in
the fluorescence colors of reservoirs in different blocks. The fluo-
rescent color of bitumen in the core thin sections from Fudong
Oilfield was lighter, showing light brown or tawny (Fig. 15aee),
while that from Santai Oilfield (Fig. 15hel) and other in-between
wells (Fig. 15f to g) looked darker with a dark brown or chocolate
color. Moreover, more bitumenwas detected in Santai wells and in-
betweenwells (B95 and B24) than Fudong wells. Particularly, when
observing a thin section from Well T59 under the microscope,
bitumenwas found to have filled literally all the intergranular pores
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(Fig.15l), leaving everymineral particle easily visible in the horizon,
while blue to blue-white fluorescence presenting normal oil was
only observed in the intragranular pores. The differences in the
bitumen color and content between the two oilfieldsmay be caused
by the more serious biodegradation of oil charged in the first stage
from Santai Oilfield. This result was consistent with the fact that
Santai oilfield has higher oil density and viscosity, lower saturated
hydrocarbon content, lower Pr/Ph, higher Gam/C30H and Gam/
C31H(SþR) ratios.

In the process of reservoir diagenesis, fluid inclusions often
occurred during the formation of cements and secondary minerals.
The homogenization temperature (Th) of brine inclusions that were
formed concurrently with hydrocarbon inclusions represented the
temperature at which hydrocarbons charged into the reservoir.
Based on this temperature, the paleogeothermal model of the basin
and the burial history of the reservoir, the depth and corresponding
geological age could be determined for the formation of fluid in-
clusion (Volk et al., 2005; Cao et al., 2006; Liu et al., 2016). The
homogenization temperatures of fluid inclusions in Well B81 were
tested and 37 temperature points were obtained. The temperatures
ranged from 28.9 �C to 86.6 �C with two peaks near 40e50 �C and
80e90 �C (see Fig. 16), suggesting that two possible oil charging
stages ever occurred within these two temperature ranges. Further,
the burial and geothermal history of Well B81 was simulated using
the Software Basinmod, and the results were shown in Fig. 16.
According to homogenization temperatures, burial and geothermal
history, two oil charging stages were recognized: the first stage was
from the End Jurassic to the Early Cretaceous (about 146 Ma to
133 Ma), and the second stage dated back to the Middle Cretaceous
(about 103 Ma to 90 Ma). The geological time of the first oil



Fig. 15. The microscopic fluorescent photographs of the Toutunhe Formation reservoirs showing multiple oil charging stages. (a). FD071, 3144.94m, J2t, gray fine sandstone; (b).
FD11, 2943.76m, J2t, gray fine sandstone; (c) FD161, 2053.48m, J2t, gray medium to fine sandstone; (d). FD081, 2656.43m, J2t, gray fine sandstone; (e). FD081, 2707.08m, J2t, gray fine
sandstone; (f).B95, 2297.40m, J2t, gray fine sandstone; (g)., B24, 2013.97m, J2t, gray fine sandstone; (h). XD1, 1996.91m, J2t, gray fine sandstone; (i). T17, 1964.70m, J2t, gray fine
sandstone; (j). T17, 1964.30m, J2t, gray fine sandstone; (k). T38, 2428.03m, J2t, gray medium to fine sandstone; (l). T59, 3010.01m, J2t, gray medium sandstone.

Fig. 16. The homogenization temperatures, burial and geothermal history of Well B81 showing two stages of oil charging for the Toutunhe Formation.
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charging stage coincided with the oil generation peak of P2l source
rock, indicating that the oil in J2t reservoir charged in the first
charging stage originated from P2l source rock. Likely, the
1044
geological time of the second oil charging stage matched the oil
generation peak of T2-3xq source rock, indicating that the oil in J2t
reservoir charged in the second charging stage originated from T2-
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3xq source rock.
Based an integrated study on oil biodegradation, source, and oil

charging history, the whole process of oil accumulation has been
thoroughly investigated and understood. The oil accumulation
model could be outlined as follows. The P2l source rock reached oil
window at 190 Ma (Early Jurassic) and oil generation peak at about
164 Ma (Middle-Late Jurassic). Then generated oil migrated from
the deep depression area to the slope area along the east-west
oriented faults and unconformities, and was finally trapped in the
J2t reservoirs in the first oil charging stage roughly between 146 Ma
and 133Ma. However, as seen from Fig. 16, during the 20 Ma before
oil charging, the strata had risen sharply. So when the oil was
charged into the reservoirs, the buried depth of J2t was only about
600 me900 m, and the reservoir temperature was 40 �Ce50 �C,
which was considered ideal for microbial degradation of oil (Peters
et al., 2005; Bennett et al., 2013). At the meantime, as the seal rocks
of J2t reservoir, the overlying Qigu Formation (J3q) just began to
deposit. Consequently, the thickness of the overlying rocks was too
small to seal the underlying oil accumulation effectively. As a result
of this, the oil originated from P2l source rock was biodegraded into
bitumen, as shown in Figs. 14 and 15. Subsequently the strata
subsided, hence a much deeper depth of J2t reservoir. The T2-3xq
source rock reached oil windowat about 104Ma, and oil generation
peak at about 91 Ma. In this time window, the reservoirs were
recharged by oil generated from Triassic source rocks, leaving the
already biodegraded oil mixed with oil from the Triassic source
rock.

5. Conclusions

The oil of Toutunhe Formation of Jurassic in the eastern Junggar
Basin was biodegraded to different extent, which resulted in the
increase of oil density and the decrease of saturated hydrocarbon
content. When very slightly or slightly biodegraded, the oil was
characterized as slightly broken down n-alkanes, as well as the
absence of prominent chromatographic baseline hump and 25-
norhopanes. Moderate to heavy biodegradation typically occurred
with partially broken down n-alkanes, obvious baseline hump, and
possible existence of 25-norhopanes. Furthermore, heavy biodeg-
radation undermined the reliability of biomarker parameters
commonly used for oil-source correlation in that the ratios of Pr/
nC17, Gam/C30H, Gam/C31H(SþR) tended to increase and Pr/Ph
tended to decrease with biodegradation degree.

Nonetheless, ratios of C24TT/C23TT, C22TT/C21TT,
P

TT/
P

Te, and
C24Te/C26TT remained relatively stable and correlated poorly with
biodegradation degree, so these biomarker parameters were
demed more powerful for oil-source correlation. The combined
study of selected reliable biomarker parameters and carbon iso-
topes revealed that biodegraded oil in J2t probably originated from
the P2l and T2-3xq source rocks rather than the Jurassic source rocks
because the latter featured higher carbon isotope values and ill-
timed hydrocarbon generation history.

The P2l source rocks reached oil window at 190 Ma (Early
Jurassic), and oil generation peak at 164 Ma (Middle-Late Jurassic).
Subsequently, generated oil migrated eastward from the depres-
sion area to slope area along the west-east oriented faults and
unconformities. Between about 146 Ma to 133 Ma, J2t reservoirs
were charged for the first time. But due to poor preservation con-
dition, the accumulated oil was biodegraded to different extent and
solid bitumen was formed when heavy biodegradation occurred.
Later, at 104 Ma (Middle Cretaceous), the T2-3xq source rocks began
to generate substantial amounts of oil and reached oil generation
peak at 91 Ma (Middle Cretaceous). In this period, the J2t reservoirs
were recharged, thereafter the charged oil was mixed with the
previous biodegraded oil. Therefore, the oil in J2t reservoirs now
1045
was a mixture originated from the P2l and T2-3xq source rocks
during two separate charging stages.
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