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a b s t r a c t

Most oil reservoirs that were found in the Junggar Basin are located in the Mahu sag and neighboring 
areas. Oil sources and classifications  remain unresolved in this region. Oil source assessment can be 
partially inconsistent on the basis of different molecular and isotopic parameters. In the present study, 
classifications for the 92 studied oils from the Mahu sag and neighboring areas were performed using 
chemometric analysis, e.g., hierarchical cluster analysis (HCA) and principal component analysis (PCA) 
on the basis of integration of sixteen facies parameters. These parameters consist of isotope reversal 
index (RI), δ13C of n-C25, Ph/n-C18, β-carotane/n-C21, six terpane ratios of Ts/C23 tricyclic terpanes, Ts/ 
(C28+C29 tricyclic terpanes), C29 Ts/C23 tricyclic terpanes, C29Ts/(C28+C29 tricyclic terpanes), C30 dia
hopane/C23 tricyclic terpane and C30 diahopane/(C28+C29 tricyclic terpanes), and six ratios of poly
nuclear aromatic hydrocarbons (PAH) including trimethylnaphthalenes (TMNs)/(TMNs + phenanthrene 
(Phen)), tetramethylnaphthalenes (TeMNs)/(TeMNs + Phen), TMNs/(TMNs + methylphenanthrenes 
(MPs)), TeMNs/(TeMNs + MPs), TMNs/(TMNs + chrysene (Ch)) and TeMNs/(TeMNs + Ch). These sixteen 
parameters are mainly influenced by source facies and less influenced by maturity as demonstrated in 
the crossplots of these sixteen parameters versus concentrations of C30 hopane. Oil classifications are 
more reliable and convenient using chemometric analysis (HCA and PCA) integrating the sixteen facies 
parameters, compared with using crossplots of two parameters or star charts of several parameters. The 
92 oils are classified into three groups using HCA and PCA, i.e., Group I, II and III. Group I and II oils are 
derived from source rocks within the Lower Permian Fengcheng Formation (P1f) and Middle Permian 
Lower Wuerhe Formation (P2w), respectively. Group III oils are mixtures of Group I and II oils. Group I 
consists of fifty oils mainly located at the northeastern and central areas of the Mahu sag with only three 
oils at the southwestern area of the Mahu sag. Group II consists of fourteen oils at the southwestern area 
of the Mahu sag. Group III consists of twenty-eight oils located at the southwestern and central areas of 
the Mahu sag. Locations of Group I, II and III oils reflect  the distributions of effective source rocks 
containing oil-prone Type I/II kerogen within the Fengcheng (P1f) and Lower Wuerhe formations (P2w).
© 2025 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

The Junggar Basin is a major oil producing province of China. 
Most oil reservoirs are found in the northwestern areas of the 
basin (Fig. 1). To date, a huge amount of oil with total reserves 
proved in-place over 2 ×109 tonnes, but only a small amount of gas 
with the total reserves proved in-place about 13 × 109 m3, have 
been found in this region (e.g., Li et al., 2007; Wang et al., 2012; 
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Wang et al., 2013; Chen et al., 2013, 2014; Liu et al., 2014). Three 
source rocks have been identified within the Lower Permian Jia
muhe (P1j) and Fengcheng (P1f) formations and Middle Permian 

Lower Wuerhe Formation (P2w) in the northwestern Junggar Basin 
(Zhou et al., 1989; Yang et al., 1992; Zhang et al., 1993; Cao et al., 
2005, 2006; Yu et al., 2017; Zhi et al., 2021; Wang et al., 2023). 
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Fig. 1. Location map of the Junggar Basin and sample locations. In (c), red color: oil fields; yellow color: gas fields. In (d): group IA, IB, II and III: genetic oil groups classified using 
hierarchical cluster analysis (HCA) and principal component analysis (PCA).
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Source rocks of the Fengcheng Formation (P1f) were mainly 
deposited in alkaline saline lacustrine environment while source 
rocks within the Jiamuhe Formation (P1j) and Lower Wuerhe 
Formation (P2w) were deposited in fresh lacustrine environments 
(e.g., Zhang et al., 1993; Cao et al., 2015, 2020; Yu et al., 2017; Zhi 
et al., 2021). Source rocks within the Jiamuhe Formation (P1j) 
contain mainly gas-prone Type III kerogen with Rock-Eval 
hydrogen index (HI) lower than 100 mg HC/g TOC (e.g. Cao et al., 
2005; Wang et al., 2013). Source rocks within the Fengcheng For
mation (P1f) in northwestern border area of the basin contain oil- 
prone Type I/II kerogen (Jiang and Fan, 1983; Zhou et al., 1989; 
Yang et al., 1992; Zhang et al., 1993; Cao et al., 2005, 2020; Wang 
et al., 2013; Yu et al., 2017). Source rocks within the Lower 
Wuerhe Formation (P2w) contain gas-prone Type III kerogen in the 
northern and central areas of the Mahu sag, but oil-prone Type I/II 
kerogen in the southern area of the Mahu sag and in the central 
area of the basin (Yang et al., 1985; Zhang et al., 1993; Cao et al., 
2005, 2006; Wang et al., 2013; Yu et al., 2017). The distributions 
for the effective source rocks containing oil-prone Type I/II 
kerogen within the Lower Permian Fengcheng (P1f) and Middle 
Permian Lower Wuerhe formations (P2w) remain unclear due to 
too deep to drill although these two formations occur in the whole 
Mahu sag and the central and southern areas of the basin on the 
basis of seismic data (Zhang et al., 1993).

In the earlier studies (e.g., Zhou et al., 1989; Yang et al., 1992; 
Zhang et al., 1993), oils in the northwestern region of the basin 
were classified  into two groups: Group I oils are derived from 
source rocks within the Lower Permian Fengcheng Formation (P1f) 
while Group II oils are derive from source rocks within the Lower 
Permian Jiamuhe Formation (P1j) below the Fengcheng Formation 
(P1f) and the Middle Permian Lower Wuerhe Formation (P2w) on 
the basis of molecular parameters. Group I oils and their source 
rocks within the Fengcheng Formation (P1f) have higher Pr/n-C17 
and Ph/n-C18 ratios and higher relative concentrations of gam
macerane and carotanes but lower relative concentrations of Ts, 
C29Ts and C30 diahopane while Group II oils and their source rocks 
within the Jiamuhe Formation (P1j) and Lower Wuerhe Formation 
(P2w) are opposite (Zhou et al., 1989; Yang et al., 1992; Zhang et al., 
1993). Later studies classified the oils into three groups: Group I 
and II oils are derived from source rocks within the Fengcheng 
Formation (P1f) and Lower Wuerhe Formation (P2w), respectively 
while Group III oils are the mixtures of Group I and II oils on the 
basis of δ13C values of individual n-alkanes in the northwestern 
(Mahu sag) and central Junggar Basin (Yu et al., 2017; Pan et al., 
2021; Zhang et al., 2022; Cai et al., 2023).

Source and maturity assessment remains a difficult task for oils 
which were derived from multiple source rocks with a wide range 
of maturities from the early to late oil generation window. 
Biomarker parameters are widely used in oil source correlation 
and assessments of oil and source rock maturities and oil 
biodegradation extent (e.g., Peters et al., 2005). Some biomarker 
parameters, such as Ts/(Ts + Tm), C29Ts/(C29 hopane + C29Ts), C30 
diahopane/(C30 diahopane + C30 hopane) are both strongly influ
enced by source facies and maturity (e.g., Seifert and Moldowan, 
1978, 1986; Peters et al., 2005). Zhang et al. (2022) presented a 
new approach to assess oil source on the basis of molecular facies 
parameters under maturity constraint using crossplots of one 
source parameter versus one maturity parameter. Concentrations 
of ΣC29 steranes and C30 hopane were used as maturity indicators 
(Zhang et al., 2022). It is ideal to present a set of biomarker pa
rameters that are mainly influenced  by source facies but less 
influenced  by maturity for source facies assessments for the 
studied oils.

Aromatic components are rarely used for oil source correlation. 
Requejo et al. (1996) suggested that the degree of alkylation of 

polynuclear aromatic hydrocarbons (PAH) are influenced  by 
kerogen composition and maturity of source rocks. For examples, 
carbonate-sourced oils contain higher relative amounts of PAH 
having three and four methyl groups while paralic-sourced oils 
contain higher relative amounts of PAH having one and two methyl 
groups (Requejo et al., 1996). It is possible to find some parameters 
of aromatic components to effectively distinguish oils that are 
derived from the two different source beds within the Fengcheng 
Formation (P1f) and Lower Wuerhe Formation (P2w), respectively 
because these two source beds formed at very different environ
ments, i.e., alkaline saline lacustrine and fresh lacustrine, respec
tively (e.g., Zhang et al., 1993; Cao et al., 2020).

A large number of oil samples have been collected from the 
Mahu sag and systematically analyzed in the present study and 
previous studies (Zhang et al., 2022; Cai et al., 2023). Multivariate 
data are generally evaluated using chemometric analysis. Hierar
chical cluster analysis (HCA) and principal component analysis 
(PCA) are widely employed for oil classification (e.g., Peters et al., 
2005, 2013, 2016; Zhan et al., 2019; Murray and Peters, 2021; 
Wang et al., 2021; Zou et al., 2021). Oils in the studied region are 
derived from multiple sources and have a wide range of maturity. 
Routine biomarker parameters are influenced  by both source 
facies and maturity. Source facies assessment and grouping for oils 
in the studied region remain unresolved and are partially incon
sistent using different molecular and isotopic parameters. The 
main purposes for the present study are: (1) to select a set of 
source facies parameters for oil classification  and source assess
ment, including parameters of isotopes, n-alkanes, isoprenoids, 
terpanes, steranes and polynuclear aromatic hydrocarbons (PAH) 
that are mainly influenced by source facies but less influenced by 
maturity, (2) to integrate the selected source facies parameters 
using hierarchical cluster analysis (HCA) and principle component 
analysis (PCA) for oil grouping, and (3) to demonstrate that HCA 
and PCA are more effective and reliable, and more convenience to 
perform compared with the method using a set of crossplots of 
source facies parameters for oil classification.

2. Geological setting

The Junggar Basin is located in the northern part of Xinjiang 
Uygur Autonomous Region of China, covering an area of about 
130 × 103 km2 (Fig. 1). It is a composite stacked basin of the central 
landmass type, characteristic of the Precambrian crystalline and 
the lower Paleozoic bi-layer basement (Zhao, 1992a, 1992b). The 
generalized stratigraphy in the northwestern Junggar basin is 
shown in Fig. 2. The Middle-Upper Carboniferous consists mainly 
of volcanic and clastic sequences. In the Permian Period, the 
Junggar Basin (Fig. 1(b)) was divided into several sags and uplifts 
(Zhang et al., 1993). The Permian strata consist mainly of clastic 
rocks with some volcanic rocks in the lower part. At the end of the 
Permian and the beginning of the Triassic, the whole basin evolved 
into a unified  lacustrine system. The Triassic and Jurassic strata 
consist of mainly sandstones, mudstones, carbonaceous mud
stones and coals that were deposited in fluvial  and shallow 
lacustrine environments. In the Cretaceous, the basement of the 
basin inclined to the south, leading to the Cretaceous and Cenozoic 
strata increasingly thicken southwards. The Cretaceous, Tertiary 
and Quaternary strata contain mainly alluvial and fluvial  clastic 
sediments. In the Mahu sag and nearby areas, source rocks are 
located at the Carboniferous to Lower Permian Jiamuhe Formation 
(C-P1j), Lower Permian Fengcheng Formation (P1f) and Middle 
Permian Lower Wuerhe Formation (P2w) while the reservoir rocks 
are located at nearly all formations from the Carboniferous to 
Cretaceous (Fig. 2, Zhang et al., 1993).
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3. Samples and methods

3.1. Samples

Zhang et al. (2022) and Cai et al. (2023) performed quantitative 
GC, GC-MS and GC-IRMS analyses on 92 non-biodegraded oils 

from the Mahu sag of the Junggar Basin (Fig. 1(d)), and reported 
the data for carbon isotopes, n-alkanes, isoprenoids, biomarkers, 
light hydrocarbons and diamondoids to document the sources and 
charging episodes for the studied oils. In the present study, 
quantitative GC-MS analyses on aromatic fractions of the 92 oils 
were performed.

Fig. 2. Stratigraphic column of the northwestern Junggar Basin.
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3.2. Methods

3.2.1. Quantitative GC-MS analysis for aromatic components
Prior to oil fractionation, an internal standard dibenzothio

phene-d8 was added to the oils for quantification  of aromatic 
compounds. Then, the samples were deasphaltened using 
40 × excess of n-hexane. The deasphaltened samples were frac
tionated on a silica:alumina column using n-hexane, n-hexane: 
CH2Cl2 (2:1, v:v) and methanol:CH2Cl2 (9:1, v:v) to elute the 
saturated, aromatic and resin fractions, respectively.

Quantitative GC and GC-MS analyses for saturated fractions and 
Gas chromatography–isotope ratio mass spectrometry (GC–IRMS) 
analysis for individual n-alkanes were described in the previous 
studies (Zhang et al., 2022; Cai et al., 2023). Some parameters from 
the previous studies by Zhang et al. (2022) and Cai et al. (2023)
were used in chemometric analysis (HCA and PCA) in the present 
study as notified in Table 1. In addition, we reorganized biomarker 
data from these two previous studies and presented six new ter
pane parameters of Ts/C23 tricyclic terpanes, Ts/(C28+C29 tricyclic 
terpanes), C29 Ts/C23 tricyclic terpanes, C29Ts/(C28+C29 tricyclic 
terpanes), C30 diahopane/C23 tricyclic terpane, C30 diahopane/ 
(C28+C29 tricyclic terpanes for chemometric analysis (HCA and 
PCA).

In the present study, aromatic fractions were analyzed using an 
Agilent 5975B MSD system interfaced to Agilent 6890N GC. The GC 
was fitted with a 60m × 0.25 mm i.d. column coated with 0.25 μm 
film  of HP-5MS. Helium was used as carrier gas. The oven tem
perature was programed as follows: 80 ◦C for 1 min, raised from 80 
to 310 ◦C at 3 ◦C/min, and then held at 310 ◦C for 16 min. Both 
selected ion monitoring (SIM) and full scan (m/z 50–550) detection 
modes were used. Aromatic compounds were quantified using the 
internal standard dibenzothiophene-d8.

3.2.2. Chemometric analysis
Sixteen isotopic and molecular parameters were selected for 

the 92 studied oils. Oil grouping on the basis of source facies was 
performed using hierarchical cluster analysis (HCA) and principal 
component analysis (PCA). For HCA, software IBM SPSS Statistics 
(version 26) was employed. HCA settings: preprocessing = auto
scale; distance = Squared Euclidean distance; linkage method =
Ward's method; orientation = samples, and transforms = none. 
For PCA, Pirouette software version 4.5 (Infometrix, Inc.) was 
employed. PCA settings: preprocessing = autoscale, validation 
method = none, row = none, and transforms = none.

4. Results

4.1. Sixteen source facies parameters for oil grouping

The concentration of C30 hopane and sixteen source facies pa
rameters for oil grouping using hierarchical cluster analysis (HCA) 
and principal component analysis (PCA) are demonstrated in 
Table 1. For the 92 studied oils, two isotopic parameters, i.e., 
isotope reversal index (RI) and δ13C of n-C25, range from − 0.09‰ to 
2.94‰ and from − 36.2‰ to − 28.6‰, respectively (Table 1, Fig. 3(a) 
and (b)). These two parameters have negative correlation with 
each other (Fig. 3(b)), and have no clear variation trends with 
decreasing concentration of C30 hopane (increasing maturity) 
(Fig. 3(c) and (d)).

Gas chromatograms and mass chromatograms of m/z 191 and 
m/z 217 of oils M607O (ON 28) and MH31O (ON 70), representa
tives of Group I and II oils, respectively on the basis of chemo
metric analysis (HCA and PCA) in this study are shown in Fig. 4. For 
the 92 studied oils, C30 hopane concentrations are in the range of 
18–3840 ppm (Table 1). The ratios of Ph/n-C18 and β-carotane/n- 

C21 are in the ranges of 0.18–1.45 and 0.00–0.21, respectively 
(Table 1, Fig. 5(a)). Six terpane ratios of Ts/C23 tricyclic terpanes, Ts/ 
(C28+C29 tricyclic terpanes), C29 Ts/C23 tricyclic terpanes, C29Ts/ 
(C28+C29 tricyclic terpanes), C30 diahopane/C23 tricyclic terpane 
and C30 diahopane/(C28+C29 tricyclic terpanes) are in the ranges of 
0.019–0.234, 0.023–0.378, 0.002–0.305, 0.003–0.492, 0.003–0.180, 
0.003–0.258, respectively (Table 1, Fig. 5(b)–(d)). All the eight 
saturated parameters show no clear variation trends with 
decreasing concentration of C30 hopane (increasing maturity) 
(Figs. 6 and 7).

Six PAH ratios of TMNs/(TMNs + Phen), TeMNs/ 
(TeMNs + Phen), TMNs/(TMNs + MPs), TeMNs/(TeMNs + MPs), 
TMNs/(TMNs + Ch) and TeMNs/(TeMNs + Ch) are in the ranges of 
0.26–0.89, 0.12–0.85, 0.18–0.74, 0.07–0.69, 0.39–0.97, 0.25–0.94, 
respectively (Table 1, Fig. 8). These six PAH ratios also have no clear 
variation trends with decreasing concentration of C30 hopane 
(increasing maturity) (Fig. 9).

4.2. Oil grouping from HCA and PCA

In the present study, the 92 studied oils from the whole Mahu 
sag were classified  into three groups using hierarchical cluster 
analysis (HCA) and principal component analysis (PCA) integrating 
the sixteen source faices parameters. Group I consists of fifty oils, 
mainly located at the northeastern and central areas of the Mahu 
sag with only three oils (MH16O1, MH7O2 and MH7O3) at the 
southwestern area of the Mahu sag (Table 1, Figs. 1(d) and 10). 
Group II consists of fourteen oils located at the southwestern area 
of the Mahu sag. Group III consists of twenty-eight oils located at 
the southwestern and central areas of the Mahu sag (Table 1, 
Figs. 10 and 11). Group I oils were derived from the source rocks 
within the Lower Permian Fengcheng Formation (P1f) while Group 
II oils were derived from the source rocks within the Middle 
Permian Lower Wuerhe Formations (P2w). Group III oils are mix
tures of Group I and II oils as discussed later, in combination with 
the previous studies (Zhou et al., 1989; Yang et al., 1992; Zhang 
et al., 1993, 2022; Wang et al., 2013, 2023; Yu et al., 2017). Group 
I were further classified  into Subgroup IA and IB, consisting of 
seventeen and thirty-three oils, respectively (Table 1, Figs. 10 and 
11). The classification  for Subgroup IA and IB oils reflects  the 
subtle variation of source facies for source rocks within the 
Fengcheng Formation (P1f). Subgroup IA are mainly located at the 
central area with only one oil (M157O2) at the northeastern area of 
the Mahu sag (Table 1, Figs. 1(d) and 10). In the two-dimensional 
scores plot by PCA (Fig. 11), oil M157O2 is separated from the 
other sixteen Subgroup IA oils but together with the Subgroup IB 
oils, demonstrating that source facies for this oil is possibly similar 
to those of Subgroup IB oils.

Principal components and percentage of variance and the 
loadings from the sixteen parameters for PC1 and PC2 in principal 
component analysis (PCA) are demonstrated in Tables 2 and 3, 
respectively. PC1 and PC2 occupy 66.8% and 8.6% of variance while 
the other fourteen principal components occupy 24.6% of variance 
in total (Table 2). The absolute values of the loading, i.e., the | 
loading| values, demonstrate the magnitudes of contributions 
from the selected sixteen parameters to principal components 
(Table 3). The higher value of the |loading| from a parameter mean 
the greater contribution from the parameter to the principal 
component (Zou et al., 2021). The |loading| values from the sixteen 
parameters for PC1 are in the range of 0.184–0.276, demonstrating 
similar contribution magnitudes from these sixteen parameters to 
PC1 (Table 3). In contrast, the |loading| values from the sixteen 
parameters for PC2 are in the range of 0.043–0.501, demonstrating 
that the contribution magnitudes from these sixteen parameters 
to PC2 vary substantially (Table 3). The three oil groups have major 
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Table 1 
Concentration of C30 hopane and sixteen source facies parameters for oil grouping using HCA and PCA.

ON Oils St Depth, m GG 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Northeastern
1 M005O T1b2 3367–3379 IB 110* 0.99* − 29.4* 0.85* 0.05* 0.080 0.078 0.041 0.040 0.035 0.034 0.64 0.54 0.48 0.38 0.80 0.74
2 M138O T1b2 3338–3353 IB 512* 0.70* − 28.9* 0.82* 0.07* 0.137 0.131 0.134 0.128 0.098 0.093 0.64 0.54 0.48 0.39 0.88 0.84
3 M152O T1b2 3142–3170 IB 280* 0.00* − 29.3* 1.17* 0.11* 0.061 0.046 0.032 0.024 0.049 0.037 0.65 0.48 0.42 0.26 0.88 0.78
4 M154O T1b3 3026–3037 IB 341* 0.61* − 28.8* 1.02* 0.07* 0.065 0.070 0.049 0.052 0.057 0.061 0.68 0.53 0.47 0.33 0.90 0.83
5 M156O T1b3 3152–3158 IB 1330* 0.88* − 30.2* 1.45* 0.21* 0.060 0.066 0.035 0.039 0.059 0.064 0.58 0.44 0.51 0.37 0.90 0.84
6 M157O1 T1b3 3023–3039 IB 250* 1.03* − 28.8* 0.86* 0.06* 0.061 0.063 0.041 0.042 0.037 0.038 0.66 0.51 0.43 0.29 0.90 0.83
7 M157O2 T1b2 3067–3072 IA 528* 0.81* − 29.1* 0.91* 0.13* 0.058 0.059 0.028 0.028 0.038 0.039 0.75 0.63 0.55 0.41 0.90 0.83
8 M15O T1b3 3048–3056 IB 273* 0.44* − 28.8* 0.77* 0.05* 0.046 0.048 0.021 0.022 0.068 0.071 0.66 0.48 0.46 0.29 0.91 0.82
9 M19O1 T1b3 3464–3490 IB 1040* 0.69* − 28.8* 0.95* 0.09* 0.063 0.064 0.048 0.048 0.067 0.068 0.57 0.43 0.49 0.36 0.91 0.85
10 M19O2 T1b2 3522–3538 IB 223* 0.61* − 28.8* 0.90* 0.05* 0.085 0.097 0.062 0.070 0.035 0.040 0.77 0.68 0.58 0.47 0.87 0.81
11 M217O P2w 3999–4006 IB 399* 0.38* − 29.3* 1.20* 0.11* 0.102 0.110 0.064 0.069 0.038 0.041 0.68 0.55 0.47 0.34 0.86 0.78
12 M218O P2w 3940–3972 IB 35* 0.46* − 28.9* 1.13* 0.07* 0.095 0.101 0.043 0.046 0.031 0.033 0.68 0.59 0.41 0.32 0.85 0.80
13 M219O1 T1b3 3711–3714 IB 302* 0.34* − 29.4* 1.11* 0.04* 0.080 0.086 0.041 0.044 0.075 0.080 0.36 0.27 0.40 0.31 0.78 0.70
14 M219O2 T1b 3781–3789 IB 74* 0.40* − 28.9* 1.39* 0.10* 0.103 0.107 0.029 0.030 0.043 0.045 0.65 0.50 0.40 0.27 0.85 0.76
15 M221O T1b1 3703–3708 IB 236* 0.06* − 29.1* 1.33* 0.08* 0.083 0.084 0.035 0.036 0.028 0.029 0.71 0.62 0.52 0.42 0.86 0.80
16 M3O T1b 3174–3185 IB 291* 0.06* − 28.6* 0.88* 0.07* 0.060 0.066 0.040 0.044 0.037 0.041 0.71 0.62 0.57 0.47 0.92 0.88
17 Ma20004O P2w IB 1120* 0.76* − 30.2* 1.10* 0.09* 0.074 0.068 0.056 0.052 0.069 0.065 0.61 0.38 0.48 0.26 0.90 0.78
18 Ma20010O P2w IB 400* 0.61* − 29.5* 1.32* 0.17* 0.058 0.060 0.029 0.030 0.051 0.053 0.68 0.50 0.49 0.31 0.92 0.85
19 Ma21021O P2w IB 314* 0.71* − 29.3* 0.92* 0.06* 0.066 0.065 0.042 0.041 0.045 0.044 0.58 0.37 0.37 0.20 0.88 0.76
20 MZ2O1 T1b1 4274–4281 IB 26* 0.49* − 28.7* 0.86* 0.04* 0.091 0.099 0.027 0.029 0.035 0.038 0.73 0.68 0.53 0.48 0.86 0.83
21 MZ2O2 P2w 4367–4370 IB 29* 0.87* − 29.1* 0.82* 0.04* 0.044 0.039 0.032 0.029 0.099 0.089 0.55 0.36 0.33 0.18 0.84 0.70
22 MZ5O T1b2 4159–4164 IB 164* − 0.09* − 29.0* 0.98* 0.06* 0.062 0.047 0.013 0.010 0.097 0.073 0.50 0.40 0.33 0.24 0.76 0.68
Central
23 M18O T2k2 3332–3334 IB 321* 1.08* − 29.7* 0.62* 0.06* 0.116 0.100 0.077 0.067 0.057 0.049 0.46 0.27 0.29 0.15 0.83 0.67
24 M602O T1b2 3846–3868 IB 295* 0.96* − 29.9* 0.89* 0.07* 0.029 0.031 0.012 0.013 0.066 0.071 0.69 0.56 0.55 0.41 0.88 0.80
25 M604O T1b2 3870–3890 IB 478* 0.71* − 29.9* 1.01* 0.05* 0.062 0.072 0.037 0.042 0.056 0.065 0.65 0.54 0.55 0.45 0.87 0.81
26 M606O1 J1b 2502–2510 IB 372* 0.92* − 30.1* 0.85* 0.04* 0.077 0.077 0.103 0.102 0.105 0.104 0.51 0.32 0.37 0.21 0.89 0.78
27 M606O2 T1b2 3745–3781 IB 270* 1.03* − 30.1* 0.70* 0.04* 0.069 0.076 0.027 0.030 0.038 0.042 0.69 0.58 0.54 0.42 0.87 0.80
28 M607O P2w 4100–4108 IB 1120* 0.64* − 29.7* 1.21* 0.09* 0.092 0.091 0.063 0.062 0.048 0.047 0.53 0.43 0.48 0.37 0.85 0.79
29 M607Od P2w 4100–4108 IB 940* 0.69* − 29.6* 1.13* 0.15* 0.085 0.084 0.058 0.057 0.048 0.048 0.51 0.44 0.46 0.38 0.84 0.79
30 MZ4O T3b 3565–3617 IB 173* 1.16* − 30.2* 0.62* 0.04* 0.136 0.140 0.121 0.125 0.070 0.073 0.59 0.45 0.47 0.34 0.90 0.84
31 MH011O P2w 2676–2688 IB 1390* 0.78* − 30.3* 1.23* 0.17* 0.046 0.063 0.031 0.043 0.049 0.066 0.73 0.49 0.45 0.23 0.93 0.82
32 AH013O T1b2 3748–3769 IA 390* 0.73* − 29.9* 0.95* 0.10* 0.032 0.037 0.006 0.007 0.009 0.010 0.76 0.68 0.54 0.44 0.90 0.85
33 AH015O T1b 3399–3425 IA 250* 0.82* − 30.5* 0.86* 0.08* 0.030 0.035 0.002 0.003 0.012 0.014 0.73 0.69 0.55 0.50 0.84 0.81
34 AH11O T1b2 2876–2890 IA 203* 1.13* − 30.4* 0.78* 0.10* 0.027 0.037 0.003 0.005 0.015 0.021 0.74 0.71 0.56 0.51 0.81 0.79
35 AH13O T1b2 3138–3156 IA 209* 0.89* − 30.0* 0.86* 0.07* 0.021 0.027 0.005 0.007 0.007 0.010 0.68 0.62 0.52 0.45 0.83 0.79
36 AH13Od T1b2 3138–3156 IA 241* 1.17* − 30.7* 0.89* 0.09* 0.029 0.035 0.004 0.005 0.009 0.010 0.69 0.63 0.52 0.45 0.85 0.81
37 AH14O T1b1 3568–3578 IA 194* 0.98* − 29.7* 0.80* 0.07* 0.028 0.031 0.007 0.007 0.024 0.027 0.54 0.47 0.51 0.44 0.80 0.75
38 AH201O T1b1 3507–3527 IA 245* 0.81* − 30.1* 0.88* 0.09* 0.029 0.035 0.004 0.005 0.026 0.031 0.68 0.61 0.53 0.45 0.85 0.80
39 AH3O1 T3b3 2812–2816 IA 239* 0.76* − 29.6* 0.95* 0.19* 0.029 0.034 0.008 0.009 0.010 0.012 0.89 0.85 0.69 0.62 0.92 0.89
40 AH3O2 T1b2 3713–3720 IA 222* 0.81* − 29.7* 0.89* 0.19* 0.029 0.034 0.007 0.009 0.016 0.019 0.84 0.81 0.74 0.69 0.92 0.90
41 AH3O3 P2w 3898–3968 IA 197* 0.68* − 29.6* 0.95* 0.16* 0.031 0.037 0.007 0.009 0.018 0.022 0.86 0.81 0.59 0.51 0.89 0.85
42 AH4O T1b3 2854–2886 IA 463* 0.92* − 30.4* 0.95* 0.21* 0.023 0.028 0.005 0.006 0.017 0.021 0.69 0.60 0.50 0.40 0.84 0.78
43 AH6O T1b2 3878–3909 IA 285* 0.87* − 30.1* 0.92* 0.16* 0.027 0.033 0.005 0.006 0.005 0.006 0.64 0.54 0.54 0.43 0.86 0.80
44 AH8O T1b2 3791–3823 IA 239* 1.00* − 30.5* 0.72* 0.13* 0.019 0.023 0.006 0.007 0.021 0.025 0.65 0.55 0.47 0.37 0.72 0.64
45 AH014O T1b1 3117–3136 IA 182* 1.08* − 29.8* 0.64* 0.04* 0.033 0.042 0.005 0.006 0.004 0.005 0.67 0.58 0.51 0.41 0.84 0.77
46 AH10O1 T2k2 2954–2971 III 4008* 1.29* − 30.0* 0.75* 0.15* 0.048 0.055 0.023 0.026 0.016 0.018 0.61 0.43 0.46 0.29 0.94 0.88
47 AH10O2 T1b2 3342–3407 IA 248* 0.96* − 29.7* 0.75* 0.16* 0.027 0.031 0.009 0.010 0.003 0.003 0.54 0.46 0.52 0.44 0.83 0.78
48 AH12O1 J1b 2436–2440 III 387* 1.43* − 30.6* 0.72* 0.06* 0.055 0.063 0.015 0.018 0.023 0.026 0.55 0.35 0.41 0.24 0.92 0.84
49 AH12O2 J1b 2478–2482 III 443* 1.34* − 30.0* 0.78* 0.15* 0.034 0.038 0.014 0.015 0.012 0.013 0.52 0.36 0.45 0.30 0.88 0.79
50 AH12O3 T2k2 3156–3280 III 273* 1.30* − 30.2* 0.58* 0.05* 0.068 0.070 0.027 0.028 0.027 0.028 0.66 0.49 0.48 0.32 0.97 0.94
51 AH12O4 T1b1 3669–3708 IA 254* 1.49* − 30.7* 0.81* 0.11* 0.040 0.048 0.009 0.010 0.015 0.018 0.66 0.59 0.55 0.48 0.83 0.79
52 AH15O J1b1 2379–2383 III 458* 1.75* − 31.4* 0.77* 0.11* 0.039 0.042 0.012 0.014 0.016 0.017 0.55 0.38 0.48 0.31 0.89 0.80
53 AH204O T3b 2392–2400 III 118* 1.44* − 29.4* 0.72* 0.03* 0.104 0.128 0.021 0.026 0.010 0.012 0.53 0.35 0.46 0.30 0.96 0.92

(continued on next page)
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Table 1 (continued )

ON Oils St Depth, m GG 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

54 AH5O T2k2 3358–3361 III 189* 2.08* − 30.1* 0.54* 0.05* 0.062 0.061 0.026 0.026 0.005 0.005 0.61 0.41 0.46 0.27 0.94 0.87
55 AH5Od T2k2 3358–3361 III 276* 1.23* − 29.9* 0.51* 0.11* 0.068 0.075 0.028 0.031 0.012 0.014 0.65 0.46 0.54 0.35 0.94 0.88
Southwestern
56 MH16O P1f 4424–4437 IB 1880* 0.56* − 29.3* 1.25* 0.20* 0.036 0.053 0.032 0.047 0.056 0.082 0.70 0.46 0.39 0.19 0.94 0.84
57 MH012O T1b1 3453–3458 II 605* 2.53* − 34.6* 0.39* 0.04* 0.139 0.182 0.110 0.144 0.081 0.106 0.40 0.27 0.31 0.20 0.69 0.55
58 MH013O1 T1b 3521–3541 II 436* 2.67* − 34.8* 0.34* 0.02* 0.156 0.193 0.120 0.148 0.089 0.110 0.37 0.24 0.26 0.16 0.68 0.53
59 MH013O2 P3w 3642–3648 III 86* 2.33* − 32.8* 0.49* 0.03* 0.116 0.138 0.069 0.082 0.042 0.050 0.56 0.43 0.41 0.29 0.74 0.62
60 MH013O2d P3w 3642–3648 III 77* 2.18* − 32.8* 0.48* 0.03* 0.133 0.166 0.069 0.085 0.048 0.060 0.57 0.43 0.44 0.30 0.74 0.61
61 MH013O3 P2w 3767–3782 II 661* 2.78* − 35.6* 0.29* 0.03* 0.155 0.203 0.136 0.178 0.097 0.127 0.34 0.18 0.23 0.11 0.70 0.49
62 MH014O P3w 3737–3844 II 210* 2.63* − 35.1* 0.27* 0.02* 0.149 0.179 0.080 0.097 0.123 0.148 0.32 0.14 0.20 0.08 0.74 0.50
63 MH018O P3w1 3591–3599 II 411* 2.87* − 36.1* 0.25* 0.01* 0.190 0.282 0.174 0.259 0.124 0.185 0.36 0.24 0.25 0.16 0.73 0.60
64 MH10O P2w 3744–3748 II 979* 2.52* − 35.5* 0.42* 0.03* 0.234 0.378 0.305 0.492 0.141 0.228 0.42 0.19 0.29 0.12 0.83 0.62
65 MH11O P3w 3422–3461 III 1030* 2.72* − 34.7* 0.51* 0.05* 0.071 0.108 0.090 0.137 0.071 0.109 0.48 0.24 0.30 0.13 0.86 0.67
66 MH14O P2w 4163–4179 II 58* 2.47* − 35.5* 0.22* 0.00* 0.200 0.288 0.100 0.144 0.180 0.258 0.31 0.12 0.19 0.07 0.71 0.43
67 MH15O P3w 3146–3154 III 875* 2.72* − 34.6* 0.59* 0.04* 0.112 0.173 0.105 0.162 0.083 0.129 0.47 0.27 0.30 0.15 0.82 0.66
68 MH21O T1b2 3395–3398 II 435* 2.83* − 34.5* 0.43* 0.02* 0.201 0.268 0.140 0.187 0.100 0.133 0.49 0.46 0.40 0.38 0.68 0.65
69 MH22O P3w1 3431–3465 II 264* 2.94* − 36.0* 0.18* 0.01* 0.222 0.186 0.197 0.166 0.153 0.128 0.26 0.12 0.18 0.08 0.65 0.41
70 MH31O P3w2 3185–3190 II 1070* 2.66* − 35.7* 0.34* 0.02* 0.166 0.237 0.168 0.241 0.106 0.152 0.36 0.20 0.24 0.12 0.75 0.57
71 MH32O P3w2 3184–3188 III 1190* 2.52* − 34.4* 0.64* 0.05* 0.068 0.096 0.089 0.126 0.070 0.098 0.53 0.32 0.35 0.18 0.87 0.74
72 MH019O P3w 3595–3611 III 1060* 1.60* − 31.4* 0.98* 0.15* 0.046 0.062 0.041 0.055 0.047 0.063 0.68 0.45 0.43 0.22 0.94 0.85
73 MH030O P3w2 3435–3506 III 466* 2.17* − 32.5* 0.59* 0.07* 0.056 0.072 0.063 0.081 0.040 0.052 0.532 0.377 0.406 0.266 0.849 0.750
74 MH13O J1b 3013–3018 III 385* 1.31* − 31.7* 0.53* 0.03* 0.191 0.202 0.209 0.221 0.119 0.126 0.536 0.311 0.361 0.181 0.899 0.777
75 MH18O1 P3w2 3642–3682 III 212* 1.97* − 32.3* 0.52* 0.03* 0.074 0.086 0.070 0.082 0.040 0.047 0.562 0.435 0.553 0.425 0.956 0.929
76 MH18O2 P3w1 3741–3755 II 462* 2.81* − 35.9* 0.27* 0.01* 0.221 0.314 0.181 0.258 0.130 0.186 0.362 0.223 0.243 0.139 0.776 0.636
77 MH19O T1b 3722–3726 III 18* 1.35* − 30.7* 0.30* 0.01* 0.066 0.085 0.023 0.029 0.033 0.042 0.627 0.571 0.498 0.440 0.387 0.333
78 MH1O1 P3w 3420–3437 III 966* 1.56* − 31.8* 0.84* 0.12* 0.039 0.060 0.023 0.036 0.044 0.068 0.644 0.385 0.402 0.189 0.915 0.789
79 MH1O2 P2w 3516–3531 III 1080* 1.49* − 31.5* 0.90* 0.16* 0.025 0.038 0.049 0.075 0.040 0.060 0.621 0.364 0.372 0.171 0.904 0.767
80 MH23O P3w2 4193–4227 III 138* 2.04* − 32.0* 0.38* 0.02* 0.053 0.060 0.039 0.044 0.037 0.042 0.622 0.500 0.469 0.349 0.786 0.690
81 MH24O1 T1b 3055–3100 III 840* 2.13* − 33.4* 0.71* 0.05* 0.080 0.129 0.052 0.084 0.054 0.088 0.352 0.287 0.319 0.257 0.732 0.669
82 MH24O2 P3w2 3182–3205 II 751* 2.83* − 36.2* 0.26* 0.01* 0.234 0.336 0.185 0.265 0.143 0.205 0.302 0.166 0.182 0.093 0.701 0.519
83 MH27O P3w2 3143–3171 III 810* 1.51* − 31.6* 0.76* 0.08* 0.040 0.047 0.055 0.065 0.028 0.033 0.567 0.380 0.391 0.231 0.862 0.745
84 MH29O P3w2 3242–3245 III 1250* 2.24* − 32.5* 0.95* 0.10* 0.043 0.060 0.050 0.068 0.048 0.066 0.598 0.397 0.378 0.212 0.896 0.793
85 MH2O T3b 2581–2612 III 1110* 2.36* − 33.6* 0.57* 0.09* 0.064 0.090 0.059 0.083 0.050 0.070 0.606 0.425 0.436 0.271 0.910 0.830
86 MH4O T1b 3297–3335 III 3840* 2.32* − 33.4* 0.82* 0.18* 0.054 0.072 0.089 0.118 0.036 0.048 0.332 0.317 0.381 0.365 0.698 0.683
87 MH7O1 P3w 3352–3442 III 1460* 1.45* − 31.3* 1.03* 0.11* 0.036 0.046 0.062 0.078 0.029 0.037 0.621 0.395 0.423 0.226 0.889 0.762
88 MH7O2 P1f3 4012–4030 IB 929* 0.10* − 28.8* 1.24* 0.13* 0.026 0.036 0.012 0.016 0.030 0.041 0.738 0.473 0.475 0.224 0.928 0.805
89 MH7O2d P1f3 4012–4030 IB 861* 0.28* − 28.9* 1.33* 0.11* 0.024 0.034 0.027 0.038 0.031 0.044 0.720 0.478 0.435 0.215 0.920 0.805
90 MH8O1 P3w1 3281–3286 III 565* 2.31* − 33.3* 0.47* 0.07* 0.067 0.075 0.063 0.071 0.057 0.064 0.493 0.253 0.259 0.108 0.864 0.689
91 MH8O2 P3w 3342–3350 II 1490* 1.19* − 31.2* 0.91* 0.07* 0.220 0.261 0.222 0.263 0.102 0.121 0.292 0.128 0.346 0.160 0.478 0.247
92 MH8O3 P1f 3442–3488 III 942* 1.01* − 30.5* 0.91* 0.12* 0.049 0.060 0.043 0.053 0.044 0.055 0.525 0.252 0.310 0.120 0.840 0.615

ON: oil number; St: strata as shown in Fig. 2; GG: genetic groups (IA: Subgroup IA; IB: Subgroup IB; II: Group II; III: Group III); 1: concentration of C30 hopane in ppm; 2: Isotope reversal index (RI) in ‰; 3: δ13C of n-C25 in ‰; 4: 
Ph/n-C18; 5: β-carotane/n-C21; 6: Ts/C23 tricyclic terpanes; 7: Ts/(C28+C29 tricyclic terpanes); 8: C29 Ts/C23 tricyclic terpanes; 9: C29Ts/(C28+C29 tricyclic terpanes); 10: C30 diahopane/C23 tricyclic terpane; 11: C30 diahopane/ 
(C28+C29 tricyclic terpanes); 12: TMNs/(TMNs + Phen); 13: TeMNs/(TeMNs + Phen); 14: TMNs/(TMNs + MPs); 15: TeMNs/(TeMNs + MPs); 16: TMNs/(TMNs + Ch); 17: TeMNs/(TeMNs + Ch). *: data from Zhang et al. (2022); 
Cai et al. (2023).
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differences in PC1 scores but no clear differences in PC2 scores 
(Fig. 11). PC1 scores demonstrate the source facies variations 
among the 92 studied oils. The geochemical interpretations for 
PC2 scores are unclear for us. In the two-dimensional scores plot 
by PCA (Fig. 11), Group I and II oils can be completely separated 
while Group III oils overlap slightly with Group II oils but signifi
cantly with Group I oils.

5. Discussion

5.1. Effectiveness of carbon isotopes of individual n-alkanes as 
source facies parameters

Compound specific isotopic analysis has been well established 
for nearly four decades (e.g., Hayes et al., 1987, 1990) and is a 
valuable method in oil-oil and oil-source rock correlation (Peters 
et al., 2005). Previous studies demonstrated that δ13C values of 
individual n-alkanes and their variation trends with increasing 
carbon number vary significantly among oil groups from different 
source rocks in the Junggar Basin (Chen et al., 2016c; Yu et al., 
2017; Pan et al., 2021; Zhang et al., 2022). Zhang et al. (2022)
defined an isotopic parameter of reversal index (RI, Fig. 3(a)), and 
classified 52 oils from the central and southwestern Mahu sag into 
three groups on the basis of RI and δ13C values of n-C25, i.e., Group I, 
II and III that are derived from source rocks within the Lower 
Permian Fengcheng Formation (P1f), Middle Permian Lower 
Wuerhe Formation (P2w) and both, respectively. In the present 
study, the 92 oils from the whole Mahu sag were also classified 

into three groups by HCA and PCA on the basis of sixteen param
eters including RI and δ13C values of n-C25 (Table 1, Figs. 10 and 11). 
On the basis of new classification, RI values generally increase in 
the sequence of Group I < Group III < Group II oils while the δ13C 
values of n-C25 generally decrease in the sequence of Group 
I > Group III > Group II oils (Fig. 3b). However, there are some 
overlaps for these two parameters among the three oil groups. In 
particular, oils MH13O and MH8O2 of Group II have extraordinary 
lower RI values and higher δ13C values of n-C25 compared with the 
other Group II oils (Fig. 3(b)).

Previous studies demonstrated that oils in the Mahu sag have 
maturities from early to late oil generative window and over 
mature (Yu et al., 2017; Tao et al., 2021; Zhang et al., 2022; Cai 
et al., 2023). The studied oils have concentrations of biomarkers 
varying over three orders but yet similar low-maturity biomarker 
ratios, demonstrating oil mixing to various extents (Table 1, Figs. 3, 
6, 7 and 9; Zhang et al., 2022; Cai et al., 2023). Biomarkers in these 
oils were predominantly derived from initially charging lower 
maturity oils. The initial oils were differentially diluted by later 
charging higher-maturity oils poor in biomarkers (Zhang et al., 
2022; Cai et al., 2023). Previous studies demonstrated that con
centrations of biomarker compounds (terpanes and steranes) 
decrease with maturity (e.g., Mackenzie et al., 1985; Farrimond 
et al., 1998; Wilhelms and Larter, 2004). Dahl et al. (1999) used 
the concentration of C29 ααα 20R sterane to assess oil maturities at 
oil generation window prior to oil cracking. In the present study, 
concentration of C30 hopane is used to indicate a bulk or averaged 
maturity for the studied oils (Table 1, Figs. 3, 6, 7 and 9). RI and δ13C 

Fig. 3. Definition of reversal index (RI) (a), and crossplots of δ13C values of n-C25 versus parameter RI (b), concentration of C30 hopane versus carbon isotopic parameter RI (c), and 
δ13C value of n-C25 (d) for the studied 92 oils.
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values of n-C25 have no clear variation trends with decreasing 
concentrations of C30 hopane (increasing maturity), demon
strating that these two parameters are not influenced significantly 
by maturity (Fig. 3(c) and (d)).

5.2. Effectiveness of ratios of n-alkanes, isoprenoids and carotanes 
as source facies parameters

Previous studied demonstrated that ratios of Pr/n-C17, Ph/n-C18 
and Pr/Ph are influenced by source facies, i.e., biological precursors 
of organic matter and depositional environments of source rocks 
(e.g., Connan, 1981; Palacas, 1984; Peters et al., 2005). These three 
ratios are also affected by maturity (e.g., Alexander et al., 1981; ten 
Haven et al., 1987). Several studies documented that higher rela
tive concentration of β-carotane is associated primarily with 
anoxic, saline lacustrine, or highly restricted marine settings (e.g., 
Hall and Douglas, 1983; Jiang and Fowler, 1986; Fu et al., 1990; 
Irwin and Meyer, 1990; Peters et al., 2005). Ratios of Pr/n-C17, Ph/ 
n-C18 and Pr/Ph and relative concentration of β-carotane were 
generally used for oil source correlation and classification of oils in 
the Junggar Basin (e.g., Zhou et al., 1989; Yang et al., 1992; Zhang 
et al., 1993; Pan and Yang, 2000; Pan et al., 2003, 2021; Cao 
et al., 2005, 2006, 2015, 2020; Wang et al., 2013; Chen et al., 
2016a, 2016b; Tao et al., 2021).

For the three oil groups classified by HCA and PCA, Group I oils 
have higher relative concentrations of Pr, Ph and carotanes, and 
accordingly, lower relative concentrations of n-alkanes while 
Group II oils are opposite (Fig. 4(a) and (d)). The influence of source 
facies on ratios of Pr/n-C17, Ph/n-C18 and β-carotane/n-C21 is sub
stantially greater compared with the influence of maturity for the 

studied oils (Zhang et al., 2022). In the present study, two ratios of 
Ph/n-C18 and β-carotane/n-C21 were selected and integrated to the 
sixteen parameters for oil grouping using HCA and PCA. These two 
ratios decrease in the sequence of group I oils > group III 
oils > group II oils (Fig. 5(a)).

Group I and II oils can be sufficiently  distinguished in the 
crossplots of concentration of C30 hopane versus Ph/n-C18 and 
β-carotane/n-C21 ratios while Group III oils are reasonably sepa
rated from the other two groups in the crossplot of concentration 
of C30 hopane versus Ph/n-C18 ratio but overlap heavily with Group 
I oils in the crossplot of concentration of C30 hopane versus 
β-carotane/n-C21 ratio (Fig. 6). Ratios of Ph/n-C18 and β-carotane/n- 
C21 only have a very slightly decreasing trend with decreasing 
concentration of C30 hopane (increasing maturity) (Fig. 6), 
reflecting  that these two ratios are mainly influenced  by source 
facies but only slightly influenced  by maturity. At similar con
centrations of C30 hopane, ratios of Ph/n-C18 and β-carotane/n-C21 
vary substantially greater for Group I oils than Group II oils (Fig. 6). 
This phenomenon can be mainly ascribed to deposition environ
ments of source rocks for these two oil groups. Source rocks of the 
Fengcheng Formation (P1f) were deposited in alkaline lacustrine 
environments with high salinity, strongly reducing conditions, and 
hydrothermal activity (Cao et al., 2015, 2020). Water geochemical 
condition (salinities, pH and Eh values and temperatures) and 
biological precursors for organic matter in sediments varied sub
stantially at different stages of alkaline lacustrine evolution, 
leading to that ratios of Ph/n-C18 and β-carotane/n-C21 vary greatly 
for group I oils (Cao et al., 2015, 2020; Wang et al., 2022). In 
contrast, these two ratios vary in narrow ranges for Group II oils 
because their source rocks within the Lower Wuerhe Formation 

Fig. 4. Gas chromatograms and m/z 191 and m/z 217 mass chromatograms of selected oils M607O and MH31O representatives of Group IB and II oils, respectively. in (a) and (d), 
D22: deuterated n-C22; D24: deuterated n-C24; in (b) and (e), C30D: C30 diahopane; C19–C25: C19 to C25 tricyclic terpanes; G: gammacerane.
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(P2w) were deposited in a fresh lacustrine environment with 
relative stable water geochemical condition (e.g., Zhang et al., 
1993; Wang et al., 2013).

5.3. Effectiveness of terpane parameters as source facies 
parameters

Previous studies suggested that oils and extracts from saline 
lacustrine and marine carbonate source rocks contain higher 
relative concentrations of tricyclic terpanes (e.g., Kruge et al., 1990; 
De Grande et al., 1993). Numerous studies demonstrated that the 
relative concentrations of Ts, C29Ts and C30 diahopane are influ
enced by lithology and deposition environment, and higher in oils 
and extracts from shale source rocks compared with carbonate 
source rocks (Seifert and Moldowan, 1978, 1986; Rullk€otter et al., 
1985; Moldowan et al., 1986, 1991; Farrimond and Telnӕ;s, 
1996). Previous studies on oils from the Junggar Basin demon
strated that Group I oils derived from the Fengcheng Formation 
(P1f) have lower relative concentrations of Ts, C29Ts and C30 dia
hopane than Group II oils form other Permian source rocks (Zhou 
et al., 1989; Yang et al., 1992; Zhang et al., 1993; Wang et al., 2013, 
2023; Yu et al., 2017). Zhang et al. (2022) further demonstrated 
that Group I oils have higher concentrations of tricyclic terpanes 
(e.g., C20, C21 and C23 tricyclic terpanes) but lower concentrations 
of Ts, C29Ts and C30 diahopane than Group II oils at similar con
centrations of ΣC29 steranes and C30 hopane. In the present study, 
six ratios of Ts/C23 tricyclic terpane, Ts/(C28 + C29 tricyclic ter
panes), C29Ts/C23 tricyclic terpane, C29Ts/(C28 + C29 tricyclic 

terpanes), C30 diahopane/C23 tricyclic terpane and C30 diahopane/ 
(C28 + C29 tricyclic terpanes) were selected for oil grouping for the 
studied 92 oils using HCA and PCA (Table 1). These six ratios are 
well positively correlated between each other (Fig. 5(b)–(d)). For 
the three oil groups classified using HCA, Group I oils have lower 
values of these six ratios than Group II oils (Figs. 5(b)–(d) and 7). 
Group I and II oils can be generally separated using these six ratios 
(Figs. 5(b)–(d) and 7). In particular, these two oil groups can be 
completely distinguished using the ratio of Ts/(C28 + C29 tricyclic 
terpanes) (Figs. 5(b) and 7(b)). In contrast, Group III oils heavily 
overlap with Group I oils on the basis of these six ratios (Figs. 5(b)– 
(d) and 7).

These six ratios do not show clear variation trends with 
decreasing concentration of C30 hopane (increasing maturity), 
demonstrating that Ts, C29Ts and C30 diahopane have relatively 
similar thermal stabilities with C23, C28 and C29 tricyclic terpanes 
(Fig. 7). A recent study by Bian et al. (2024) demonstrated that Ts, 
C29Ts and C30 diahopane have similar thermal stabilities of C21–C29 
tricyclic terpanes on the basis of chemometric analysis on con
centrations and ratios of terpanes and steranes for oils from the 
cratonic region of the Tarim Basin. Holba et al. (2001) used 
extended tricyclic terpane ratio ETR = (C28 + C29 tricyclic ter
panes)/Ts to distinguish oils derived from source rocks within the 
Triassic-Jurassic strata. Holba et al. (2003) further demonstrated 
that oils from source rocks deposited in an oceanic upwelling zone 
may have very high ETR values. Peters et al. (2007) used the ratio of 
C26 tricyclic terpanes/Ts to identify oil sources from Triassic, 
Jurassic and younger source rocks. Huang et al. (2017) performed 

Fig. 5. Crossplots of Ph/n-C18 ratio versus β-carotane/n-C21 ratio (a), ratios of Ts/C23 tricyclic terpane versus Ts/(C28+C29 tricyclic terpanes) (b), ratios of C29Ts/C23 tricyclic terpane 
versus C29Ts/(C28+C29 tricyclic terpanes) (c) and ratios of C30 diahopane/C23 tricyclic terpane versus C30 diahopane/(C28+C29 tricyclic terpanes) (d).
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an extensive study on ETR for oils and condensates from the Taz
hong and Tabei uplifts, and concluded that these oils and con
densates are derived from multiple source rocks within the 
Cambrian–Ordovician strata deposited under different environ
mental conditions. The two ratios of Ts/(C28 + C29 tricyclic ter
panes) and C29Ts/(C28 + C29 tricyclic terpanes) can be considered 
as modified ETR ratios.

5.4. Effectiveness of ratios of aromatic components as source facies 
parameters

Parameters of aromatic components were mainly used as 
maturity parameters, such as DNR, TMNr, TeMNr, MPI1 and MDR 
from dimethylnaphthalenes (DMNs), trimethylnaphthalenes 
(TMNs), tetramethylnaphthalenes (TeMNs), phenanthrene (P), 
methylphenanthrenes (MPs) and methyldibenzothiophenes 
(MDBTs), respectively (Radke and Welte, 1983; Alexander et al., 
1985; Radke et al., 1986; van Aarssen et al., 1999; Wang et al., 

2022). Only a limited previous studies documented some aro
matic parameters for source facies (e.g., Hughes et al., 1995; Radke 
et al., 2000). Hughes et al. (1995) proposed ratio of DBT/Phen 
(dibenzothiophene/phenanthrene) while Radke et al. (2000)
documented ratio of ADBT/ADBF ((DBT + MDBTs (methyl
dibenzothiophenes))/(DBF (dibenzofuran) + MDBFs (methyl
dibenzofurans)) as facies parameters. In the present study, the 
concentrations of DBT, ADBT, DBF and ADBF and ratios of DBT/Phen 
and ADBT/ADBF have no clear differences among Group I, II and III 
oils. Thus, these concentrations and ratios were not used for oil 
grouping in the present study.

Requejo et al. (1996) demonstrated that the degree of alkylation 
of polynuclear aromatic hydrocarbons (PAH) decreases in the 
sequence of carbonate-sourced oils > siliciclastic-sourced 
oils > paralic-sourced oils, i.e., carbonated-sourced oils contain 
higher amounts of PAH with three and four methyl groups while 
paralic-sourced oils contain higher amounts of PAH with one and 
two methyl groups, and suggested that this sequence can be 
ascribed to PAH precursor moieties in kerogens and maturities. In 
the present study, the concentrations of most PAH have no clear 
differences and heavily overlap among the three oil groups clas
sified using HCA and PCA. However, the Group I oils have relatively 
higher concentrations of trimethylnaphthalenes (TMNs) and tet
ramethylnaphthalenes (TeMNs) but lower concentrations of 
phenanthrene (P), methylphenanthrenes (MPs) and chrysene (Ch) 
compared with Group II oils. Thus, six ratios of TMNs/(TMNs + P), 
TMNs/(TMNs + MPs), TMNs/(TMNs + Ch), TeMNs/(TeMNs + P), 
TeMNs/(TeMNs + MPs) and TeMNs/(TeMNs + Ch) were selected 
and integrated to the sixteen source facies parameters for oil 
grouping using HCA and PCA. These six ratios generally decrease in 
the sequence Group I > Group III > Group II for the three oil groups 
classified using HCA and PCA and are positively correlated to each 
other (Table 1, Fig. 8). They do not show any clear variation trends 
with decreasing concentration of C30 hopane (increasing maturity) 
(Fig. 9), suggesting that they are mainly influenced by source facies 
and not affected significantly by maturity. Aromatic components 
are thermally stable and do not decompose within the whole oil- 
generative window and even post mature (Hughes et al., 1995; 
Requejo et al., 1996). In addition, aromatic components are not 
influenced  by biodegradation up to high level (Peters and 
Moldowan, 1993). Thus, the six aromatic facies ratios are appli
cable for oils at maturities of whole oil generative window and 
even post mature and for both non biodegraded and biodegraded 
oils up to higher levels (Peters and Moldowan, 1993; Hughes et al., 
1995; Requejo et al., 1996).

5.5. Correlation among the sixteen source facies parameters

Pearson correlation coefficients (r) between each other for the 
sixteen source facies parameters are shown in Table 4. Among the 
120 pairs in total, one pair has very strong negative linear corre
lation with r value of − 0.94, twenty pairs have very strong positive 
linear correlations with r values in the range of 0.80–0.97, thirty- 
seven pairs have strong negative linear correlations with r values 
ranging from − 0.79 to − 0.60, fifteen  pairs have strong positive 
linear correlations with r values in the range of 0.60–0.77, twenty- 
five pairs have moderate negative linear correlations with r values 
ranging from − 0.58 to − 0.40, eighteen pairs have moderate posi
tive linear correlations with r values in the range of 0.41–0.58, and 
four pairs have weak positive linear correlations with r values in 
the range of 0.21–0.37 (Zou et al., 2021).

Isotopic compositions of n-alkanes inherit from those of bio
precursors (e.g., alge and bacteria species). Components for the 
eight saturated ratios are biomarkers. Concentrations of these 
saturated components are closely related to species of 
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bioprecursors. These eight ratios are influenced  by deposition 
environment in different manner. Concentration of Ts, C29 Ts and 
C30 diahopane are more sensitive to water pH value and mineral 
compositions of source rocks (acidic catalysis) while concentra
tions of Ph and β-carotane are more sensitive to water Eh value 
(reduced environment) (e.g., Moldowan et al., 1991; Peters and 
Moldowan, 1993; Peters et al., 2005). Wang et al. (2022) demon
strated that concentration of β-carotane can be influenced  by 
lacustrine water temperature (hydrothermal activity). PAH com
ponents for the six aromatic ratios are non biomarkers. However, 
concentrations of these PAH components are closely related to 
kerogen compositions and deposition environment (Requejo et al., 
1996). PAH components have complex origins and formation 
processes in natural system (Hughes et al., 1995; Requejo et al., 
1996; Radke et al., 2000). The four pairs of weak linear 

correlations with r values 0.21–0.37 are among the PAH ratios and 
between TeMNs/(TeMNs + MPs) ratio versus ratios of Ph/n-C18 and 
β-carotane/n-C21 (Table 4). The |loading| values from the sixteen 
parameters for PC1 in PCA vary in a narrow range of 0.184–0.276, 
demonstrating that all these parameters are effective source facies 
parameters for the studied oils (Table 3).

5.6. Distributions of effective oil prone source rocks and oil 
generation, migration and accumulation in the Mahu sag

The Lower Permian Fengcheng (P1f) and Middle Permian 
Lower Wuerhe formations (P2w) are distributed in the whole 
Mahu sag and the central and southern areas of the basin on the 
basis of seismic data (Fig. 1, Zhang et al., 1993). However, the 
distributions of the effective source rocks containing oil-prone 

Fig. 7. Crossplots of concentration of C30 hopane versus ratios of Ts/C23 tricyclic terpane (a), Ts/(C28+C29 tricyclic terpanes) (b), C29Ts/C23 tricyclic terpane (c), C29Ts/(C28+C29 

tricyclic terpanes) (d), C30 diahopane/C23 tricyclic terpane (e) and C30 diahopane/(C28+C29 tricyclic terpanes) (f).
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TypeI/II kerogen within these two formations remain unclear due 
to too deep to drill. High quality source rocks containing oil-prone 
Type I/II kerogen within the Lower Permian Fengcheng Formation 
(P1f) were drilled from the early 1980s in the border area of the 
northern section of K-W fault zone near Wuerhe area (Fig. 1(c), 
Jiang and Fan, 1983; Zhou et al., 1989; Yang et al., 1992; Wang 
et al., 2013; Cao et al., 2020). However, source rocks containing 
oil-prone Type I/II kerogen within the Middle Permian Lower 
Wuerhe Formation (P2w) were not drilled by boreholes in the 
northern and central areas of the Mahu sag (e.g., Zhang et al., 
1993; Wang et al., 2013). The Lower Wuerhe Formation (P2w) 
drilled by the deep borehole AC1 in the central Mahu sag contain 
only source rocks with gas-prone Type III kerogen (Fig. 1(d) and 
(e), Yang et al., 1985). Fortunately, a column of dark mudstone 
core with 0.50 m in length were obtained from the Lower Wuerhe 
Formation (P2w) at the depth about 4660 m from borehole JT1 
drilled in 2013 in the border area of the southern Mahu sag (Fig. 1
(c)). Source rocks of this core column contain oil-prone Type I/II 
kerogen, having TOC and Rock-Eval hydrogen indices (HI) up to 
3.37% and 550 mg/g TOC, respectively (Yu et al., 2017).

For the 92 studied oils, 50 Group I oils are mainly located at the 
northeastern and central areas of the Mahu sag with only three 
oils (MH16O1, MH7O2 and MH7O3) at the southwestern area of 
the Mahu sag (Table 1, Fig. 1(d)). 14 Group II oils are located at the 
southwestern area of the Mahu sag (Table 1, Fig. 1(d)). 28 Group 
III oils are located at the southwestern and central areas of the 
Mahu sag (Table 1, Fig. 1(d)). Group I and II were derived from the 

source rocks within the Lower Permian Fengcheng (P1f) and 
Middle Permian Lower Wuerhe formations (P2w), respectively 
while Group III oils are mixtures of Group I and II on the basis of 
the sixteen source facies parameters of the present study in 
combination with the previous studies (Zhou et al., 1989; Yang 
et al., 1992; Zhang et al., 1993, 2022; Wang et al., 2013, 2023; 
Yu et al., 2017). On the basis of oil locations of the three groups, 
the effective oil prone source rocks with Type I/II kerogen of the 
Fengcheng Formation occur mainly in the northeastern and 
central areas of the Mahu sag with minor in the southwestern 
area of the Mahu sag while those of the Lower Wuerhe Formation 
occur only in the southwestern area of the Mahu sag in the 
studied region (Fig. 1(d)). The eight Group III oils in the central 
area of the Mahu sag are located at reservoir rocks within the 
strata from the Lower Jurassic Badaowan Formation (J1b) to 
Middle Triassic Karamay Formation (T2k) at burial intervals from 
2436–2440 m to 3358–3361 m, which are generally younger and 
shallower compared with the reservoir rocks for the Group I oils 
in this region (Table 1, Fig. 1(d)). These Group III oils possibly 
consist of some Group II oil components that were generated 
from source rocks within the Middle Permian Lower Wuerhe 
Formation (P2w) in the southern area of the Mahu sag and 
migrated along slop and faults to the younger and sallower 
reservoir rocks in the central area of the Mahu sag. During 
migration and accumulation to reservoirs, the Group II oil com
ponents were mixed with Group I oil components, resulting in 
the formation of these Group III oils in the central area of the 

Fig. 8. Crossplots of ratios of TMNs/(TMNs + Phen) versus TeMNs/(TeMNs + Phen) (a), ratios of TMNs/(TMNs + MPs) versus TeMNs/(TeMNs + MPs) (b) and ratios of TMNs/ 
(TMNs + Ch) versus TeMNs/(TeMNs + Ch) (c).
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Mahu sag (Fig. 1(d)). The strata from the Mesozoic to Cenozoic 
incline to the south because the Cretaceous and Cenozoic strata 
increasingly thicken southwards in the whole Junggar Basin 
(Zhang et al., 1993).

Source rocks within the Lower Permian Fengcheng Formation 
(P1f) started oil generation from the beginning of Triassic Period 
and ended at the Middle Cretaceous Period while source rocks 
within the Middle Permian Lower Wuerhe Formation (P2w) star
ted oil generation from the Early Jurassic Period and continued to 
the present in the southern Mahu sag (e.g., Zhou et al., 1989; Zhang 
et al., 1993; Wang et al., 2013; Xiang et al., 2016; Tao et al., 2021). 
Source rocks of the Fengcheng Formation (P1f) currently have 
maturities at the peak oil generation stage (%Ro 0.8–1.1) in the 
border area (fault zone) of the northern Mahu sag and post mature 
in the Mahu sag (%Ro > 1.4, up to 2.0 or even higher) while source 
rocks of the Lower Wuerhe Formation (P2w) currently have 

maturities at the late oil generative window to post mature in the 
Southwestern Mahu sag (%Ro 1.1–1.4) (e.g., Zhou et al., 1989; Zhang 
et al., 1993; Wang et al., 2013; Xiang et al., 2016; Tao et al., 2021). 
Oils from source rocks of the two formations migrated first  via 
high-angle strike-slip faults, and then from the central area to the 
border area (fault zone) of the sag, or/and northwards from the 
southern area to the central area of the sag along the un
conformities within the Permian, Triassic and Jurassic strata on the 
basis of geological setting of the Mahu sag (Fig. 1(e), Zhang et al., 
1993; Kuang et al., 2013; Ablimit et al., 2016; Lei et al., 2017; Zhi 
et al., 2018; Tang et al., 2019; Tao et al., 2021). The distributions 
of Group I, II and III oils clearly demonstrate the locations and 
distributions of the effective source rocks containing oil prone 
Type I/II kerogen within the Fengcheng (P1f) and Lower Wuerhe 
(P2w) formations in the studied area. This result can be very useful 
for further oil exploration in this area.

Fig. 9. Crossplots of concentration of C30 hopane versus ratios of TMNs/(TMNs + Phen) (a), TMNs/(TMNs + MPs) (b), TMNs/(TMNs + Ch) (c), TeMNs/(TeMNs + Phen) (d), TeMNs/ 
(TeMNs + MPs) (e) and TeMNs/(TeMNs + Ch) (f).
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5.7. Implications

Oil-source correlations are performed mainly on the basis of 
molecular and isotopic parameters (e.g., Mackenzie, 1984; Seifert 
and Moldowan, 1986; Peters et al., 2005). Oil classification  and 
oil source correlation for a large number of oil samples are difficult 
tasks. In the present study, all the sixteen selected parameters vary 

consecutively and are partially inconsistent to each other. For 
example, Group II oils MH13O and MH8O2 are together with 
Group III oils and close to Group I oils in the crossplot of the two 
isotopic parameters (Fig. 3(b)). However, these two oils are 
together with the other Group II oils in the crossplots between 
each other of the six terpane parameters (Fig. 5(b)–(d)). The three 
oil groups classified  from HCA and PCA partially overlap in all 
crossplots of one parameter versus another among the sixteen 
source facies parameters, in particular between Group III and 
Group I or II oils (Figs. 3, 5 and 8). It is difficult to identify which 
parameter is more reliable than the others. It is arbitrary or 
impossible to set some criteria values of some source facies 

Fig. 10. Hierarchical cluster analysis dendrogram classifying the 92 studied oils on the basis of sixteen source facies parameters.

Fig. 11. Two-dimensional principle component scores plot for the 92 studied oils on 
the basis of sixteen source facies parameters.

Table 2 
Principal components and percentage of variance.

Principal components Eigenvalue Percentage of variance Cumulative, %

PC1 10.68684 66.7927 66.793
PC2 1.38121 8.6326 75.425
PC3 1.22399 7.6499 83.075
PC4 0.96712 6.0445 89.120
PC5 0.68693 4.2933 93.413
PC6 0.33522 2.0951 95.508
PC7 0.22998 1.4374 96.945
PC8 0.16771 1.0482 97.994
PC9 0.14331 0.8957 98.889
PC10 0.0748 0.4675 99.357
PC11 0.05329 0.3331 99.690
PC12 0.03127 0.1954 99.885
PC13 0.01279 0.0799 99.965
PC14 0.00351 0.0219 99.987
PC15 0.00135 0.0085 99.996
PC16 7.09E-04 0.0044 100.000
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parameters to classify the 92 studied oils into two or three groups. 
HCA and PCA are suitable to resolve this complicated issue. Oil 
classification can be more reasonable and reliable on the basis of 
integration of a large set of source facies parameters using HCA 
and PCA compared with using a single crossplot of two parame
ters. Furthermore, it is convenient to classify the studied oils in 
groups by HCA and PCA integrating the data of all the selected 
facies parameters (Figs. 10 and 11). All the selected parameters 
generally increase in the sequence of Group I < Group III < Group 
II, or decrease in the sequence of Group I > Group III > Group II 
although there are some overlaps between each other of the three 
groups, demonstrating that these parameters are effective for oil 
classification  (Figs. 3(b), 5 and 8). The six terpane ratios and six 
PAH ratios are rarely used for routine oil source correlation. This 
work is the first case study to utilize the six PAH ratios by HCA and 
PCA for oil classification and source facies assessment.

The sixteen source facies parameters are less influenced  by 
maturity as demonstrated in the crossplots of these sixteen pa
rameters versus concentration of C30 hopane (Figs. 3, 6, 7 and 9). 
Ratios of Ph/n-C18 and β-carotane/n-C21 are sensitive to oil 
biodegradation even at low extent (e.g., Peters and Moldowan, 

1993). However, the twelve terpane and PAH ratios are not influ
enced by biodegradation up to medium extent (e.g., Peters and 
Moldowan, 1993). Thus, these terpane and PAH ratios can be 
widely used for oil source assessment using HCA and PCA in other 
regions of the Junggar Basin and elsewhere.

6. Conclusions

Sixteen facies parameters were selected and integrated to 
classify the 92 studied oils using HCA and PCA in the Mahu sag of 
the Junggar Basin. This classification  is more reliable and conve
nient, compared with using crossplots of two parameters or star 
charts of several parameters. The sixteen parameters include 
isotope reversal index (RI), δ13C of n-C25, Ph/n-C18, β-carotane/n- 
C21, six terpane ratios of Ts/C23 tricyclic terpanes, Ts/(C28+C29 tri
cyclic terpanes), C29 Ts/C23 tricyclic terpanes, C29Ts/(C28+C29 tri
cyclic terpanes), C30 diahopane/C23 tricyclic terpane and C30 
diahopane/(C28+C29 tricyclic terpanes), and six PAH ratios of 
TMNs/(TMNs + Phen), TeMNs/(TeMNs + Phen), TMNs/ 
(TMNs + MPs), TeMNs/(TeMNs + MPs), TMNs/(TMNs + Ch) and 
TeMNs/(TeMNs + Ch). These sixteen parameters are mainly 
influenced  by source facies and less influenced  by maturity as 
demonstrated in the crossplots of these sixteen parameters versus 
concentration of C30 hopane. The 92 oils are classified into three 
groups, i.e., Group I, II and III that are derived from source rocks 
within the Lower Permian Fengcheng Formation (P1f), Middle 
Permian Lower Wuerhe Formation (P2w) and both, respectively. 
Group I consists of fifty oils mainly located at the northeastern and 
central areas of the Mahu sag with only three oils (MH16O1, 
MH7O2 and MH7O3) at the southwestern area of the Mahu sag. 
Group II consists of fourteen oils at the southwestern area of the 
Mahu sag. Group III consists of twenty-eight oils located at the 
southwestern and central areas of the Mahu sag. Group I oils were 
further classified into Subgroup IA and IB, including seventeen and 
thirty-three oils, respectively. Subgroup IA oils are located at the 
central area of the Mahu sag while Subgroup IB oils occur widely in 
most areas of the Mahu sag. Classification of Subgroup IA and IB 
reflects subtle facies changes of source rocks within the Fengcheng 
Formation (P1f). Locations of Group I, II and III oils indicate the 
distributions of effective source rocks containing oil-prone TypeI/II 

Table 3 
Loadings from the sixteen parameters for PC1 and PC2 in PCA.

Parameters PC1 PC2

RI in ‰ − 0.234 − 0.155
δ13C of n-C25 in ‰ 0.261 0.098
Ph/n-C18 0.223 0.405
β-carotane/n-C21 0.193 0.252
Ts/C23 tricyclic terpanes − 0.270 − 0.043
Ts/(C28+C29 tricyclic terpanes) − 0.276 − 0.048
C29 Ts/C23 tricyclic terpanes − 0.269 0.070
C29Ts/(C28+C29 tricyclic terpanes) − 0.267 0.066
C30 diahopane/C23 tricyclic terpane − 0.264 0.177
C30 diahopane/(C28+C29 tricyclic terpanes) − 0.274 0.150
TMNs/(TMNs + Phen) 0.268 − 0.054
TeMNs/(TeMNs + Phen) 0.258 − 0.286
TMNs/(TMNs + MPs) 0.265 − 0.261
TeMNs/(TeMNs + MPs) 0.228 − 0.440
TMNs/(TMNs + Ch) 0.184 0.501
TeMNs/(TeMNs + Ch) 0.241 0.270

Table 4 
Pearson correlation coefficients (r) between each other for the sixteen source facies parameters.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 1.00 − 0.94 − 0.79 − 0.45 0.55 0.63 0.58 0.63 0.47 0.58 − 0.67 − 0.64 − 0.63 − 0.52 − 0.40 − 0.53
2 − 0.94 1.00 0.74 0.44 − 0.65 − 0.74 − 0.68 − 0.73 − 0.63 − 0.74 0.73 0.68 0.72 0.58 0.48 0.64
3 − 0.79 0.74 1.00 0.66 − 0.60 − 0.63 − 0.56 − 0.56 − 0.47 − 0.53 0.60 0.50 0.49 0.35 0.54 0.60
4 − 0.45 0.44 0.66 1.00 − 0.61 − 0.58 − 0.49 − 0.46 − 0.53 − 0.50 0.50 0.44 0.48 0.36 0.41 0.47
5 0.55 − 0.65 − 0.60 − 0.61 1.00 0.96 0.90 0.86 0.82 0.82 − 0.70 − 0.62 − 0.65 − 0.52 − 0.51 − 0.63
6 0.63 − 0.74 − 0.63 − 0.58 0.96 1.00 0.89 0.91 0.80 0.87 − 0.70 − 0.63 − 0.66 − 0.53 − 0.51 − 0.63
7 0.58 − 0.68 − 0.56 − 0.49 0.90 0.89 1.00 0.97 0.81 0.82 − 0.69 − 0.66 − 0.66 − 0.58 − 0.42 − 0.58
8 0.63 − 0.73 − 0.56 − 0.46 0.86 0.91 0.97 1.00 0.77 0.85 − 0.67 − 0.65 − 0.65 − 0.57 − 0.41 − 0.56
9 0.47 − 0.63 − 0.47 − 0.53 0.82 0.80 0.81 0.77 1.00 0.95 − 0.71 − 0.70 − 0.75 − 0.66 − 0.42 − 0.62
10 0.58 − 0.74 − 0.53 − 0.50 0.82 0.87 0.82 0.85 0.95 1.00 − 0.70 − 0.70 − 0.76 − 0.67 − 0.42 − 0.63
11 − 0.67 0.73 0.60 0.50 − 0.70 − 0.70 − 0.69 − 0.67 − 0.71 − 0.70 1.00 0.92 0.84 0.70 0.58 0.72
12 − 0.64 0.68 0.50 0.44 − 0.62 − 0.63 − 0.66 − 0.65 − 0.70 − 0.70 0.92 1.00 0.90 0.90 0.37 0.63
13 − 0.63 0.72 0.49 0.48 − 0.65 − 0.66 − 0.66 − 0.65 − 0.75 − 0.76 0.84 0.90 1.00 0.93 0.44 0.69
14 − 0.52 0.58 0.35 0.36 − 0.52 − 0.53 − 0.58 − 0.57 − 0.66 − 0.67 0.70 0.90 0.93 1.00 0.21 0.53
15 − 0.40 0.48 0.54 0.41 − 0.51 − 0.51 − 0.42 − 0.41 − 0.42 − 0.42 0.58 0.37 0.44 0.21 1.00 0.91
16 − 0.53 0.64 0.60 0.47 − 0.63 − 0.63 − 0.58 − 0.56 − 0.62 − 0.63 0.72 0.63 0.69 0.53 0.91 1.00

1: Isotope reversal index (RI) in ‰; 2: δ13C of n-C25 in ‰; 3: Ph/n-C18; 4: β-carotane/n-C21; 5: Ts/C23 tricyclic terpanes; 6: Ts/(C28+C29 tricyclic terpanes); 7: C29 Ts/C23 tricyclic 
terpanes; 8: C29Ts/(C28+C29 tricyclic terpanes); 9: C30 diahopane/C23 tricyclic terpane; 10: C30 diahopane/(C28+C29 tricyclic terpanes); 11: TMNs/(TMNs + Phen); 12: TeMNs/ 
(TeMNs + Phen); 13: TMNs/(TMNs + MPs); 14: TeMNs/(TeMNs + MPs); 15: TMNs/(TMNs + Ch); 16: TeMNs/(TeMNs + Ch). |r| > 0.80: very strong positive or negative linear 
correlation; 0.80 > |r| > 0.60: strong positive or negative linear correlation; 0.60 > |r| > 0.40: moderate positive or negative linear correlation; 0.40 > |r| > 0.20: weak positive 
or negative linear correlation; |r| < 0.20: no linear correlation (Zou et al., 2021).
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kerogen within the Fengcheng (P1f) and Lower Wuerhe formations 
(P2w).
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