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Chemometrics has been widely used to cope with the problems of oil-oil and oil-source
correlations because of its unique advantages in the comprehensive consideration of
multiple parameters and the classification of samples or variables. In this paper, three
chemometric methods, especially multidimensional scaling, were used to revisit the
genetic oil family and the relationship between the crude oil and the source rock,
because the oil source in the Wushi Sag, a significant petroliferous sag in the Beibu
Gulf Basin of South China Sea, is still controversial. Two genetic families of crude oils,
namely group A and group B, have been identified based on chemometric results. Group A
oils are characterized by relatively higher Pr/Ph ratios and a high abundance of C27 ααα
20R steranes and C30-methylsteranes than those of group B oils, suggesting that this
group of oils was deposited under a more oxic condition with more contribution of algae
organic matter. Group A oils have been interpreted to be a mixture derived from the
member 2 and member 3 of the Liushagang Formation (LS-2 and LS-3), whereas group B
oils can be ascribed to the LS-2 member. The contribution of LS-3 mudstone member to
the Wushi oils in previous studies may have been underestimated to some extent, which
was inferred from the chemometric oil-source correlation results. The results of oil-source
rock correlation may be used to guide future petroleum exploration activities with the
incorporation of geological evidence. The spatial distribution of oil and gas reservoirs varies
with burial depth. Taking into consideration other geological evidence, we may infer that
the reservoir in eastern Wushi Sag was mainly distributed in the deep of Liushagang
Formation, whereas the reservoir in southeast Wushi Sag was likely located in the shallow
Liushagang Formation.
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INTRODUCTION

Chemometrics is a useful tool for recognizing patterns and extracting useful information from
measure data (Peters et al., 2005; Kumar et al., 2014). The method is use of multivariate statistics to
identify and remove noise from the data, and show affinities among samples or variables (Peters
et al., 2005). Chemometric methods have been used to evaluate data in many disciplines (Dong
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et al., 2021; Oliveira et al., 2021; Panseriya et al., 2021), including
multivariate geochemical data (Zhan et al., 2019; Wang et al.,
2020a). The application of chemometric method in geochemical
correlation has been paid more and more attention due to the
complexity of petroleum exploration and geological background.
Therefore, many chemometric methods have been used to cope
with the problem of oil-gas sources in petroleum systems
according to practical demands (Peters et al., 2013; Wang
et al., 2019; Wang et al., 2020b). Among them, hierarchical
clustering analysis (HCA) and principal component analysis
(PCA) are the two commonly used methods (Peters et al.,
2005; Asemani and Rabbani, 2021). Additionally, the method
for oil-oil and oil-source rock correlations also includes factor

analysis (Zumberge, 1987; Chakhmakhchev et al., 1996), star
diagram (Justwan et al., 2006; Mashhadi and Rabbani, 2015),
K-nearest neighbor (Peters et al., 2007; Peters et al., 2008),
multidimensional scaling (Wang et al., 2016; Wang et al.,
2020a), discriminant analysis (Zhang et al., 2019; Shi et al.,
2020), t-distributed stochastic neighbor embedding (Tao et al.,
2020). Meanwhile, geochemists try to introduce new methods
(Asemani and Rabbani, 2021), indicating that chemometrics has
great potential in coping with the problem of geochemical
correlation. Multidimensional scaling (MDS) is a newly
introduced chemometric method (Wang et al., 2016), which is
a nonlinear dimensionality reduction technique (Sumithra and
Subu, 2015), especially suitable for studying oil-gas sources in

FIGURE 1 |Geological maps showing: (A) tectonic units of the Beibuwan Basin and location of theWushi Sag, and (B)well location in the study area [modified after
(Huang et al., 2017)].
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complex areas (Wang et al., 2018a; Wang et al., 2020b).
Therefore, this paper intends to use the chemometrics
method (e.g., MDS) to revisit the oil source in the Wushi Sag
of the Beibu Gulf Basin of the South China Sea.

The Wushi sags of the Beibu Gulf Basin were confirmed to be
hydrocarbon-rich sag by drilling data (Gong and Li, 1998; He
et al., 2010). As of 2009, six commercial oil wells have been drilled
in the Wushi Sag (Yang et al., 2011). Multiple studies have

FIGURE 2 | General stratigraphic column of the Wushi Sag in the Beibu Gulf Basin (modified after (Huang et al., 2017)).
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confirmed that three sets of source rocks exist in the Wushi Sag,
namely, the LS-1 member (the first member of the Liushagang
Formation), LS-2 member (the secondmember of the Liushagang
Formation), and LS-3 member (the third member of the
Liushagang Formation) (Yang et al., 2016; Gan et al., 2017;
Huang et al., 2017). Controversies still remain about crude oil
sources and hydrocarbon potential for each member of the
Liushagang Formation in the Wushi Sag, although previous
research has confirmed that the discovered oils in Beibu Gulf
Basin may have been mainly derived from the second member of
the Liushagang Formation (LS-2) (Zhao et al., 2013; Fu and Liu,
2018). Some investigators suggested that the Wushi oils are
divided into three groups, and were primarily derived from
the LS-2 member (Yang et al., 2016), whereas others believed
that there are two categories of crude oils (I and II), in which
group I oils were generated from the LS-2 member and group II
oils representing mixtures generated from the second and third
members of the Liushagang Formation (Gan et al., 2017).
Therefore, this paper intends to revisit the oil source of the
Wushi oils using hierarchical clustering analysis (HCA),
principal component analysis (PCA), and multidimensional
scaling (MDS) of multivariate biomarkers. On the one hand,
oil source rock correlation between oils and source rocks usually
become more reliable when a composite analysis of multiple
biomarker parameters are compared (Seifert and Moldowan,
1978; Peters et al., 2005). On the other hand, the result will
help better understand the petroleum system in the Wushi Sag
and reduce the exploration risk in this area. HCA calculates the
distance matrices of the studied data objects, and organize objects
with similar features into clusters (Cheong et al., 2016). Both PCA
and MDS transform multiple correlated variables (i.e., biomarker
ratios) into a small number of new uncorrelated variables
(principal component). PCA is based on linear projection,
whereas MDS is via non-linear dimensionality transformation
(Sumithra and Subu, 2015).

GEOLOGICAL BACKGROUND

The Wushi Sag, as an important petroliferous sag, is located in the
south of the Beibu Gulf Basin (Figure 1A). The sag is bounded by
the Weixinan Sag in the north, the Haitoubei Sag in the west, the
Maichen Sag in the south, and the Leidong Sag in the east
(Figure 1A), and the wells distribution in the study area are
shown in Figure 1B. It is approximately 2,680 km2 in area. The

sag has undergone three stages of tectonic evolution, including the
initial fault-depression stage, intense fault-depression stage, and late
depression stage (Liu et al., 2008; Yang et al., 2009; Yuan et al., 2020).

The bedrock in the Wushi Sag is a pre-Paleogene
metamorphic rock, with a sedimentary cover of Cenozoic
sediment. The Paleogene Changliu Formation, Eocene
Liushagang Formation, Oligocene Weizhou Formation,
Miocene Xiayang, Jiaowei, and Dengloujiao Formations, and
Pliocene Wangliugang Formation were subsequently developed
in the Cenozoic deposit from bottom to top (Figure 2). The
Liushagang Formation was developed during the maximum
expansion of the lake basin, in a lake system of alternating
expansion and contraction and forming predominantly
lacustrine and deltaic deposits (Li et al., 2021). The lithological
composition of this formation is mainly oil shale, argillaceous
shale intercalated with thin layers of siltstone, fine sandstone, and
medium sandstone. The Liushagang Formation is further divided
into the first, second, and third members, i.e., Liushagang-1 (LS-
1), Liushagang-2 (LS-2), and Liushagang-3 (LS-3), based on
different lithology and fossil assemblages (Li, 1994).

The LS-3 member was deposited during lake expansion. The
lithology of this member is interbedded sandstones and shales
(Huang et al., 2017). The LS-2 member was formed in a deep
water body during the maximum of lake expansion, with a set of
high-quality source rock developed (Li et al., 2021). This member
is composed of interbedded fine-grained sandstones and shales
(Liu, 2004). During the deposition of LS-1 member, the lake basin
was gradually contracted, with the water body becoming
shallower. The LS-1 member contains interbedded mudstone
and sandstone, in addition to the presence of a small number
of coal seams (Li et al., 2021).

SAMPLES AND METHODS

Samples
Five core samples of mudstone have been collected from potential
Eocene source rocks, including the LS-1, LS-2, and LS-3 members
from the WZ22-3-1, WZ10-7-1, and WZ10-3-30 wells in the
study area (Table 1). In addition, four oil samples collected from
the WS22-9-3D, WS16-1-HD, and WS16-1W-7 wells have been
analyzed using gas chromatography-mass spectrometry.
Additionally, twenty-two published samples, including source
rocks and oils, have been used for chemometric analysis (Huang
et al., 2017), and the selected parameters are present in Table 2.

TABLE 1 | Rock-Eval data of core samples from the Liushagang Formation in the study area.

Well Depth
(m)

Formation Litholoy TOC (%) S1 S2 S1+S2 HI OI Tmax

WZ22-3-1 2,454 LS-1 Mudstone 0.72 0.01 0.51 0.52 91 73 433
WZ23-3-1 2,472.5–2,477.5 LS-1 Mudstone 0.66 0.02 0.55 0.57 120 131 434
WZ22-3-1 2,670–2,680 LS-2 Mudstone 1.91 0.07 4.08 4.14 250 44 433
WZ10-7-1 2,078–2,080 LS-2 Mudstone 2.32 0.13 6.92 7.05 347 55 430
WZ10-3-30 2,186–2,188 LS-3 Mudstone 11.06 1.54 53.89 55.43 586 19 429

Note: The units of the Rock-Eval pyrolysis parameters and indices: TOC: wt%; Tmax: °C; S1: mg HC/g rock; S2: mg HC/g rock; S3: mg CO2/g rock; HI: mg HC/g TOC; OI: mg CO2/g TOC.
LS-1, LS-2, and LS-3, represent the first, second, and third members of the Liushagang Formation.
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TABLE 2 | Selected geochemical parameters for the source rocks and crude oils in the Wushi Sag.

Sample
No.

Formation Depth
(m [ft])

Lithology No. Group Pr/
Ph#

Pr/
n-C17

Ph/
n-C18

Ts/
Tm#

Ol/
C30H#

Ga/
C30H
#

C35/
C34

C27(%)
#

C28(%)
#

C29(%)
#

C30-
4MSI#

C29

20S/
(20S
+

20R)

C32

22S/
(22S
+

22R)

References

WZ111-
1R1

LS-1 2,884–2,888
(9,462–9,476)

MD 1 — 2.34 — — 3.54 0.10 0.07 — 52 11 37 1.48 0.29 — [29]

WZ111-
1R2

LS-1 2,928 (9,607) MD 2 — 2.19 — — 4.25 0.12 0.05 — 56 9 35 0.93 0.58 — —

WZ122N-
1R1

LS-1 2,835–2,840
(9,302–9,318)

MD 3 — 2.88 — — 1.57 0.06 0.07 — 48 8 44 1.68 0.28 — —

WZ22-3-1 LS-1 2,454 MD 4 — 2.17 3.03 0.76 1.94 0.03 0.08 0.43 11 14 75 0.53 0.27 0.58 This study
WZ23-3-1 LS-1 2,472.5-2,477.5 MD 5 — 0.44 0.88 0.67 2.04 0.02 0.10 0.55 28 14 59 0.40 0.17 0.47 This study
WZ122-
2R1

LS-2 2,480 (8,137) MD 6 — 3.89 — — 1.3 0.06 0.06 — 39 15 47 1.07 0.37 — [29]

WZ122-
2R2

LS-2 2,798–2,800
(9,180–9,187)

MD 7 — 1.64 — — 1.64 0.07 0.05 — 34 14 51 3.75 0.51 — —

WZ122-
2R3

LS-2 2,788–2,790
(9,147–9,154)

MD 8 — 1.56 — — 1.43 0.06 0.05 — 35 13 52 3.88 0.53 — —

WZ122-
2R4

LS-2 2,764–2,766
(9,069–9,075)

MD 9 — 1.83 — — 1.28 0.05 0.05 — 37 15 48 3.12 0.39 — —

WZ1211-
7R1

LS-2 2,538–2,540
(8,327–8,334)

MD 10 — 3.52 — — 1.21 0.04 0.02 — 53 13 34 5.19 0.68 — —

WZ1211-
7R2

LS-2 2,558–2,560
(8,393–8,399)

MD 11 — 2.29 — — 0.96 0.06 0.03 — 43 15 42 7.64 0.66 — —

WS172-
2R1

LS-2 2,140–2,145
(7,021–7,038)

MD 12 — 1.66 — — 0.41 0.02 0.02 — 42 11 47 1.48 0.14 — —

WS172-
2R2

LS-2 2,280–2,285
(7,481–7,497)

MD 13 — 3.06 — — 0.46 0.02 0.03 — 37 14 49 4.32 0.25 — —

WS172-
2R3

LS-2 2,250 (7,382) MD 14 — 2.2 — — 0.52 0.02 0.03 — 42 14 44 3.15 0.25 — —

WZ22-3-1 LS-2 2,670-2,680 MD 15 — 2.68 2.78 0.76 2.39 0.08 0.07 0.53 29 17 54 0.66 0.20 0.44 This study
WZ10-7-1 LS-2 2,078-2,080 MD 16 — 0.94 0.99 0.85 2.48 0.03 0.05 0.84 35 16 49 0.94 0.23 0.51 This study
WS172-
2R4

LS-3 2,518–2,520
(8,262–8,268)

MD 17 — 2.41 — — 1.09 0.06 0.06 — 38 14 48 1.04 0.21 — [29]

WZ122-
2R5

LS-3 2,832–2,834
(9,292–9,298)

MD 18 — 1.77 — — 1.37 0.08 0.07 — 34 14 51 2.61 0.4 — —

WZ118-
1R1

LS-3 3,392–3,394
(11,129–11,136)

MD 19 — 1.76 — — 2.19 0.09 0.06 — 36 19 45 1.18 0.52 — —

WZ118-
1R2

LS-3 3,312 (10,867) MD 20 — 2.04 — — 1.96 0.10 0.08 — 37 22 41 1.21 0.56 — —

WZ10-
3-30

LS-3 2,186-2,188 MD 21 — 1.39 1.08 0.94 5.19 0.14 0.04 0.67 32 17 50 3.03 0.30 0.48 This study

WS15-1M XY 1,230 (4,036) CO 22 A 2.12 — — 1.2 0.06 0.03 — 39 15 47 2.33 0.47 — [29]
WS172-
7M

LS-2 1,615 (5,299) CO 23 A 2.39 — — 1.33 0.05 0.03 — 31 12 56 2.87 0.41 — —

WS162-
1DM

LS-3 1,308 (4,292) CO 24 A 2.54 — — 1.41 0.14 0.10 — 40 11 49 2.86 0.44 — —

WS172-
1DM

LS-3 2,627.2 (8,620) CO 25 A 2.19 — — 1.59 0.07 0.04 — 41 14 45 2.67 0.41 — —
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Rock-Eval Pyrolysis and Bitumen Extraction
The core samples were cleaned first with distilled water and then
crushed into powder. The powdered samples were subjected to
IFP Rock-Eval 6 analyzer to obtain geochemical parameters such
as total organic matter (TOC), hydrogen index (HI) and
hydrocarbon generation potential (S1 + S2), following the same
protocols described previously (Wang et al., 2018b). Initially,
power samples were heated for 300°C for 3 min to yield the
Rock-Eval S1 that stands for the amount of free hydrocarbon, and
subsequently heated to 650°C at a heating rate of 25°C/min to
obtain the Rock-Eval S2 that stands for the hydrocarbons
generated from pyrolytic degradation of the kerogen. Tmax is
the temperature at which maximum kerogen pyrolysis occurs.
Finally, the powders were further heated from 300 to 850°C at a
rate of 20°C/min to produce the residual organic and inorganic
carbon content. ~20 g of dry rock powder were extracted with 9:1
of Dichloromethane: Methanol (DCM: MeOH) through
Accelerated Solvent Extraction. All extracts and crude oilsT
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FIGURE 3 | Crossplots of (A) Rock-Eval S1 + S2 vs. total organic carbon
(TOC) and (B) hydrogen index vs. Tmax for the studied potential source rocks in
the Liushagang Formation. LS-1 = first member of the Liushagang Formation;
LS-2 = second member of the Liushagang Formation; LS-3 = third
member of the Liushagang Formation. The criteria distinguish poor, fair, good,
very good and excellent source rock are from (Peters and Cassa, 1994).
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FIGURE 4 | Representative n-alkane (m/z 85), hopane (m/z 191), and sterane (m/z 217) mass chromatograms for the source rocks from the first (LS-1), second
(LS-2) and third (LS-3) member of the Liushagang Formation. C27, C28 and C29 = C27, C28 and C29 ααα 20R steranes; C30-4MSI = C30 4-methylsteranes. The symbolic
meanings of other compounds can be found in Table 2.

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8509227

Wang et al. Geochemical Correlation of Wushi Sag

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


were separated into saturated, aromatic, and resin fractions using
silica gel column chromatography.

Gas Chromatography-Mass Spectrometry
Gas chromatography-mass spectrometry (GC-MS) analysis of
oils and source rock extracts were analyzed using a Thermo
Fisher Trace 1,300 gas chromatography coupled to an ISQ 7000
mass spectrometer equipped with a DB-5 capillary column (30 m
× 0.25 mm× 0.25 μm). Pure helium gas (99.999%) was used as the

carrier gas. The GC oven temperature was initially held at 50°C
for 2 min, programmed to 120°C at a rate of 20°C/min, then
to 250°C at 4°C/min and to 310°C at 3°C/min, and held at 310°C
for 30 min. The mass spectrometer ionization energy was 70 eV
and the ion source temperature was 230°C. Full-scan and
selected ion recording were used for analysis, with the full-
scan detection range of 50–550 (m/z). The peak area was
integrated by Xcalibur software (Thermo Scientific). The
biomarker compounds were identified in the studied rock and
oil samples in accordance with the relative retention time, mass
spectral feature, peak sequence, and identification standards from
prior studies (Huang et al., 2017; Wang et al., 2018a; Gan et al.,
2019).

Chemometric Analysis
In this paper, three chemometric methods (e.g., HCA, PCA and
MDS) were applied to yield a detailed oil-oil and oil-source rock
correlations in the Wushi Sag using eight biomarker ratios
(labelled by “#” in Table 2), similar to previous studies (Peters
et al., 2013; Wang et al., 2018a; Wang et al., 2018b). The selected
biomarker parameters, including Pr/Ph, Ts/Tm, Ol/C30H, Ga/C30

hopane, C27(%), C28(%), C29(%), and C30-4MSI index (Table 2),
are generally suffered less from secondary processes, such as
biodegradation, maturity, and migration. The HCA and PCA
were performed using Pirouette® software (Infometrix, Inc.),
whereas MDS was computed through in-house software
(Wang et al., 2016).

RESULTS AND DISCUSSION

Source Rock Characteristics
Three sets of source rocks are present in the Wushi Sag: the first,
second, and third members of the Liushagang Formation,
i.e., LS-1, LS-2, and LS-3 (Liu et al., 2018; Li et al., 2021). The
detailed source rock geochemistry can be referred to as Huang
et al. (2017) and Li et al. (2021). In this paper, five-rock samples
have also been analyzed using Rock-Eval pyrolysis (Table 1), in
addition to published data collected from an open-source
database. As depicted in Figure 3A, the studied rock sample
from the LS-1 member is a fair source rock, whereas rock samples
from the LS-2 and LS-3 members show very good to excellent
hydrocarbon generation potential. A plot of hydrogen index
versus Tmax for the LS-1 samples demonstrates that the
organic matter of studied source rocks is mainly Type II2
kerogen, whereas the LS-2 and LS-3 samples primarily contain
Type II1 and Type I kerogens, respectively (Figure 3B).

The thermal maturity of the studied rock samples was
evaluated based on Rock-Eval Tmax and biomarker parameters.
Tmax values for the Wushi samples range from 429 to 434°C,
which indicates immature to early mature organic matter (Tissot
and Welte, 1984). This is also supported by the maturity-related
biomarker ratios. The ratios of C32 22S/(22S + 22R)
homohopanes and C29 20S/(20R + 20S) steranes of the studied
samples are 0.44–0.58 and 0.17–0.30, respectively (Table 2),
suggesting that the samples have entered the oil generation
stage (Seifert and Moldowan, 1980; 1986).

FIGURE 5 | Mass chromatograms of m/z 85 (A), 191 (B), and 217 (C)
for the representative Wushi oil. C27, C28 and C29 = C27, C28 and C29 ααα 20R
steranes; C30-4MSI = C30 4-methylsteranes; LS-1 = first member of the
Liushagang Formation; LS-2 = second member of the Liushagang
Formation; LS-3 = third member of the Liushagang Formation. The symbolic
meanings of other compounds can be found in Table 2.
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FIGURE 6 | Chemometric analysis of oil genetic families for the Wushi Sag of the Beibu Gulf Basin based on (A) hierarchical cluster analysis (HCA) and (B) principal
component analysis (PCA). The first three components of PCA, including PC1, PC2, and PC3, account for 92% of the total variance in the original dataset.
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The distribution characteristics of n-alkanes and isoprenoid
hydrocarbons in the Liushagang Formation can be used to
interpret sources and depositional conditions of organic
matter. The distribution of n-alkanes for the studied mudstone
samples typically ranges from n-C15 to n-C31 (Figure 4). All three
samples have bimodal distribution, suggesting a mixture of one
mature source and one immature source in different proportions.
The pristane/phytane (Pr/Ph) ratio is commonly used as an index
of the depositional environment (Peters et al., 2005). Generally,
low Pr/Ph ratios (<1) indicate the anoxic condition (Didyk et al.,
1978), medium Pr/Ph ratios varied between 1 and 3 are likely
related to suboxic conditions (Hunt, 1995), and high Pr/Ph ratios

(>3) suggest oxic condition (Hunt, 1995; Harris et al., 2004). The
Pr/Ph ratios of the Liushagang mudstone samples are in the range
of 0.44–2.68, suggesting that samples from the Liushagang
Formation may be deposited under anoxic to suboxic conditions.

The representative sterane chromatograms (m/z 217) for
studied rock samples are illustrated in Figure 4. The relative
content of C27, C28, and C29 ααα 20R steranes of the studied
samples are in the range of 11–35%, 14–17%, and 49–75%,
respectively (Table 2). This high C29 steranes contents may
imply a strong contribution of terrigenous organic matter
input (Huang and Meinschein, 1979). In addition, the relative
abundance of C27 steranes for samples of the LS-1 member is
lower than those of the LS-2 and LS-3 members, suggesting they
may be less algal organic matter input to LS-1 member compared
to the LS-2 and LS-3 members. This is also confirmed by the C30

4-methylsteranes to C29 regular steranes ratios (C30-4MSI index)
that is widely used as an indicator for certain dinoflagellates
blooming in freshwater lakes (Brassell et al., 1988; Goodwin et al.,
1988; Peters et al., 2005). The C30-4MSI ratios of samples from the
LS-1 member range from 0.40 to 0.53, whereas those of the LS-2
and LS-3 samples range from 0.66 to 3.03. These results may
suggest a higher contribution of dinoflagellates to the organic
matter in the deposition of the LS-2 and LS-3 members than that
to the LS-1 member. This is also consistent with previous studies
(Huang et al., 2013; Huang et al., 2017).

Terpane mass chromatograms (m/z 191) of the representative
source rocks are characterized by a dominant C30 hopane with a
higher abundance of pentacyclic terpanes relative to tricyclic
terpanes (Figure 4). The C35/C34 ratios of the studied source
rocks range from 0.43-0.84, probably suggesting anoxic to
suboxic depositional conditions (Peters and Moldowan, 1991). A
high Ga/C30 hopane ratio is commonly associated with a stratified
and reducing water column (Fu et al., 1986; Sinninghe Damsté et al.,
1995). Ga/C30 hopane ratios of the samples are very low, ranging
from 0.04-0.10, indicating a lack of water column stratification.

FIGURE 7 | Chemometric results of oil-source rock correlation from the
Wushi Sag of the Beibuwan Basin based on principal component analysis.
The first three components of PCA, including PC1, PC2, and PC3, account for
92% of the total variance in the original dataset.

FIGURE 8 | Chemometric analysis of oil-source rock correlation for the Wushi Sag of the Beibu Gulf Basin based on multidimensional scaling (MDS). The first two
components of MDS, including MDS1 and MDS2, account for 96.5% of the total variance in the original dataset.
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Crude Oil Geochemistry
A complete set of acyclic isoprenoids (e.g., Pr and Ph) and low
molecular weight n-alkanes are present in the analyzed oils,
probably indicating no distinct signs of biodegradation (Peters
and Moldowan, 1993). Additionally, low Pr/n-C17 and Ph/n-C18

ratios of all oils also show that the studied oil samples were not
biodegraded (Volkman et al., 1983). The mass chromatogram of
the representative oil sample is shown in Figure 5A. The Pr/Ph
ratios of the studied oils range from 1.17 to 1.46, likely suggesting
suboxic conditions (Hunt, 1995).

The m/z 217 mass chromatogram for the representative oil is
shown in Figure 5B. The relative contents of C27, C28, and C29

ααα 20R steranes for the oils range from 31–37%, 13–16%, and
46–56%, respectively (Table 2). These data may indicate a
substantial contribution of terrigenous organic matter input
(Huang and Meinschein, 1979).

The m/z 191 mass chromatogram for the representative oil is
shown in Figure 5C. These studied oils have C35/C34 ratios
ranging from 0.45 to 0.53, indicating that oxidation is mainly
occurring on the source (Peters and Moldowan, 1991). The Ga/
C30 hopane ratios of the oil samples are in the range of 0.11–0.14,
probably indicating a lack of water column stratification
(Sinninghe Damsté et al., 1995).

Oil-Oil and Oil-Source Rock Correlations
Hierarchical cluster analysis (HCA) and principal component
analysis (PCA) are valuable tools to identify genetic relationships
among crude oils and source rocks based on age- and source-
related biomarker ratios (Peters et al., 2007; Peters et al., 2013;

Wang et al., 2018b). Similarly, multidimensional scaling (MDS) is
also a reliable method for a detailed oil-oil and oil-source rock
correlation (Wang et al., 2016; Wang et al., 2018a; Wang et al.,
2020a). The Wushi oil samples were divided into two groups, as
shown in Figure 6.

Group A oils are primarily produced from the LS-3 reservoirs
(Table 2). This group of oils have relatively high Pr/Ph ratios,
ranging from 2.12-2.54, and low Ga/C30 hopane ratios of
0.03–0.09, indicating the source rocks of Group B oils were
probably deposited in more oxic condition (Table 2). The
relative abundance of C29 ααα (20R) steranes and C30-4MSI
ratios are in the range of 45–56% and 2.33–2.90%, respectively
(Table 2). These data may indicate source rocks of Group B oils
may have received more contribution of marine organic matter
when compared to the source rocks of Group B oils. The ratios of
C29 20S/(20S + 20R) range from 0.41 to 0.49 (Table 2), indicating
that Group A oils are mature and have relatively lower maturity
than that of Group B oils.

GroupB oils principally consist of oils from the LS-1member. The
Pr/Ph ratios are relatively low, ranging from 1.16 to 1.46 (Table 2)
and suggesting that the source rocks of Group A oils were deposited
under more anoxic depositional environments. Group A oils have a
relatively low abundance of C27 ααα (20R) steranes and a high
abundance of C29 ααα (20R) steranes. Relatively low C30-4MSI ratios
range from 0.50–0.79 (Table 2), probably indicating that the source
rocks may have received more contributions from terrigenous
organic matter. The maturity parameter of C29 20S/(20S + 20R)
has relatively high values, ranging from 0.53–0.64 (Table 2), which is
indicative of relatively high maturity.

FIGURE 9 | The distribution of mudstone thickness and maturity of the third of the Liushagang Formation (LS-3 member) in the Wushi Sag (modified after (Liu et al.,
2018)).
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Similarly, we have also identified genetic affinities between oils
and source rocks using chemometric methods. Figures 7, 8 show
the PCA and MDS scenario of multi-parameter oil-source rock
correlation for theWushi Sag. The biomarker parameters used for
chemometric methods are the same as those in the HCA and PCA
of Figure 6, marked by stars in Table 2. The three-dimensional
view of PCA indicates two genetic oil families (Figure 7),
inconsistent with the results discussed above. Group A oils
have a strong affinity to the LS-2 and LS-3 members. The LS-
2 mudstone member is related to group B oils. This conclusion is
also confirmed by the MDS plot (Figure 8).

Implications for Petroleum Exploration
Oil and gas exploration activities have been primarily in oils
derived from the second member of the Liushagang
Formation (LS-2) and structure traps in the Wushi Sag
over the last three decades (Liu et al., 2008). Recently
discovered oil-bearing structures have stimulated a strong
interest in the central of the sag (Yang et al., 2016). Future
exploration and understanding of the petroleum system can
be significantly improved by investigation of the genetic
relationships between the discovered crude oils and
source rocks.

FIGURE 10 | The distribution of mudstone thickness and maturity of the second of the Liushagang Formation (LS-2 member) in the Wushi Sag (modified after (Liu
et al., 2018)).

FIGURE 11 | Geological profile of the Wushi Sag in south-north trending (modified after (Yuan et al., 2020)). Fm. = Formation, WZ = Weizhou Formation, LS =
Liushagang Formation.
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As described previously, two categories of oils at different
maturity levels have been identified using chemometric methods.
Group A oils represent mixtures generated from the LS-2 and LS-
3 members, whereas group B oils were derived from the LS-3
member. Group A oils with relatively lower maturation were
distributed in eastern Wushi Sag (Figure 9) and primarily
produced from the LS-3 reservoir of the WS162- and WS172-
wells (Table 1). The corresponding maturity of Group A oils is
consistent with the maturity of the nearby source rocks in the
study area (Figure 9). The group of oil is close to the WS172 N
Fault. The fault was in a shallower depth and had relatively weak
activities during the Paleogene period (Yuan et al., 2020).
Furthermore, the combination of oil-source rock correlation
results and low permeability reservoirs (Gao et al., 2019) in
the study area probably suggests that the migration and
accumulation of Group A oils mainly occurred within the LS-
2 and LS-3 members, forming a self-generation and self-storage
petroleum reservoir.

Group B oils with relatively high maturation are distributed in
southeastWushi Sag and are mainly produced from the shallower
LS-1 reservoir of the WS22-9 and WS16-1 wells (Table 1). The
corresponding maturity of Group B oils is essentially equivalent
to the maturity of the nearby source rocks from the LS-2 and LS-3
members (Figures 9, 10). Similarly, the distribution of oil is in the
vicinity of the WS16-1 Fault, which holds across the entire source
rock members of the study area (Figure 11) and is a good
pathway connecting oil and source (Yuan et al., 2020). This
evidence implies that group B oils were probably migrated
vertically through faults, contributing to the shallower
distribution of crude oil.

In summary, the results in the present study provide some
inspiration for future petroleum exploration. For example, the
oil-source rock correlation results suggest that the contribution of
the LS-3 member to the Wushi oils has been underestimated in
the past, and thus greater emphasis should be deserved in future
exploration. In addition, exploration of the eastern Wushi Sag,
where close to the distribution of Group A oils, should probably
be focused on the relatively deep members of the Liushagang
Formation, considering a combination of fault features and
reservoir characteristics. In contrast, the exploration of
southeast Wushi Sag, wherein the proximity of Group B oils
should be paid more attention to the shallow layer of the
Liushagang Formation.

CONCLUSIONS

The studied rocks from the three candidate source rock members,
LS-1, LS-2, and LS-3, have a variable abundance of organic matter
content and predominantly Type II kerogen. The LS-1 mudstone

member of the studied sample is a fair source rock, whereas the
LS-2 and LS-3 mudstone members of the studied sample have
good to excellent hydrocarbon generation potential. Two oil
families with different thermal maturity have been identified
based on HCA and PCA. Group A oils with relatively low
maturity are characterized by relatively high Pr/Ph ratios, low
C27 ααα 20R steranes contents, and low C30-4MSI ratios.
Conversely, the opposite is true for Group B oils. The oil-
source rock correlation results show that group A oils were
mainly derived from a mixture of LS-2 and LS-3 members,
and group B oils were likely originated from the LS-2
mudstone member. These results also provide some
inspiration for future petroleum exploration when combined
with geological evidence. For example, the eastern Wushi Sag
has a good potential for petroleum exploration in the deep
Liushagang Formation (e.g., LS-3), whereas more attention
should be given to the shallow Liushagang Formation in the
southeast Wushi Sag.
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