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Abstract

There is a lack of systematic study on geochemical characteristics and the source of crude oil in Shenhu uplift area of the Pearl
River Mouth Basin (PRMB). Under such circumstances, the Rock—Eval, gas chromatography (GC), and gas chromatography-
mass spectrometry (GC-MS) experiments were carried out. The results show that the following: (1) The medium-deep
lacustrine source rocks of the Wenchang Formation (MWC) in the Wenchang-B depression have the highest organic matter
abundance. The shallow lacustrine source rocks of the Wenchang Formation (SWC) in Wenchang-B depression and the shal-
low lacustrine source rocks of the Enping Formation (SEP) in the Wenchang-A depression have relatively low organic matter
abundance, but three sets of hydrocarbons have reached the mature stage and have good hydrocarbon generation potential.
(2) The n-alkanes of crude oil in the Shenhu uplift have pre-peak characteristics, and the Pr/Ph>2.00. The tricyclic terpene
(TT) content is relatively low, and C4-C,,-C,;-C,;3TT presents a “low-high-low” distribution characteristic. Meanwhile, the
content of rearranged sesquiterpanes is higher in bicyclic sesquiterpanes. In addition, aoa20RC,7-a0x20RCyg-0ax20RC,q
regular steranes are “L”-shaped, C;)-4 methyl sterane (C3,-4MSt)/C,4 regular sterane values are between 0.24 and 0.34, and
dicadinane (W +T)/C;,H values are 1.08-1.61. By comparing these biomarkers with source rocks one by one, it is finally
found that the crude oil has the closest genetic relationship with the SEP in well WA4.
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Introduction

The crude oil geochemical characteristics and the oil-source
correlation are critical in determining the type of crude oil,
clarifying the oil and gas system, and studying the law of oil
and gas accumulation (Hao et al. 2011; Huang et al. 2011;
Aldahik et al. 2017). Molecular geochemistry has been
widely used since the 1970s (Rubinstein et al. 1979; Brooks
and Thusu 1977). This method still has a reliable application
value (Luo et al. 2020; Wang and Guo 2020).

The Shenhu uplift is located in the western part of the
Pearl River Mouth Basin (PRMB) (Fig. 1a). Since drilling
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in 2001, high oil flows have been obtained from the Neo-
gene Miocene Zhujiang Formation (Chen et al. 2015). There
are no tertiary strata in the Shenhu uplift area, so there is
a lack of Wenchang and Enping Formation. Therefore, the
oil source in this area comes from the Zhu-3 depression,
which is closer to the area (Quan et al. 2015; Fu et al. 2011)
(Fig. 1a). There are three sedimentary centers in Zhu-3
sub-basin, namely Wenchang-A depression, Wenchang-B
depression, and Wenchang-C depression (Fig. 1b). However,
no source rock was found in Wenchang-C depression.
After years of oil-gas exploration, predecessors had done
many studies on the source rock characteristics of Wen-
chang-A depression and Wenchang-B depression in Zhu-3
sub-basin (Huang et al. 2003; Cheng et al. 2015), which
provided a great reference value for the oil source research
in the Shenhu uplift area. The characteristics and sources of
crude oil around the Zhu-3 depression have also been the
focus of researchers for many years (Zhou and Zhang 2000;
Xiao et al. 2009). But as far as the Shenhu uplift area is
concerned, previous studies mainly focused on the tectonic
evolution, sequence stratigraphy, and sedimentary evolution
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(Xia et al. 1994; Wu et al. 2014). The oil source research
of SH1 well reservoir also has a preliminary understand-
ing (Chen et al. 2015; Quan et al. 2015). But there is still
a lack of systematic research on the geochemical charac-
teristics and oil source understanding of crude oil in the
whole area, which restricts further exploration and deploy-
ment. Therefore, under the premise of discovering small oil
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reservoirs in the Shenhu uplift, what are the geochemical
characteristics of the crude 0il? The source rock layers of
the adjacent Wenchang-A and Wenchang-B depressions are
also different. What are the characteristics of these source
rocks? Does it have good hydrocarbon generation potential?
With multiple sets of source rocks, where does the crude oil
come from? Is it from multiple sources or from a specific set
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of source rocks? Clarifying these issues can provide a basis
for future exploration and development and the study of the
entire region. This study also can provide a reference value
for exploring the areas lacking source rock development
around major depressions in the PRMB, clarifying their oil
sources and implementing further exploration.

Geological settings

The PRMB is a large sedimentary basin dominated by the
Cenozoic on the continental shelf and slope of the northern
South China Sea (Wu 1984). The basin is a typical passive
margin Cenozoic rift basin formed on the pre Tertiary base-
ment (Jiang et al. 2009). The basin can be divided into eight
tectonic units, namely the Zhu-1, Zhu-2, and Zhu-3 sub-
basins, Shenhu, Panyu low and Dongsha uplift, and South-
ern Depression Belt and Northern Fault zone, where the
Shenhu uplift is located on the southern side of the Zhu-3
sub-basin (Fig. 1a).

The PRMB had experienced three major tectonic evolu-
tion stages since Cenozoic: syn-rifting stage, fault depres-
sion stage, and depression stage (Xu and Huang 2000; Hu
et al., 2014) (Fig. 2). During the Eocene rifting period, the
tectonic stress in the western part of the PRMB was mainly
NW-SE extension, forming a NE-SW-trending depression-
controlling southern fault of the Zhu-3 sub-basin. The strong
rifting effect of this fault expanded the range of lake water
in Wenchang-B depression, deepened the water sharply,
formed lacustrine deposits, and developed thick Wenchang
Formation mudstone (the strata between T90 and T80 reflec-
tion surfaces on the seismic reflection profile). After the
Wenchang period, the area of strong fault activity moved
eastward, resulting in the development of thick mudstone in
the Enping Formation of the Wenchang-A depression (Zhu
et al. 1997; Fu et al. 2011) (the layer between the T80-T70
reflecting surfaces on the seismic reflection profile) (Fig. 2).
The influence of this fault caused the difference in source
rocks between Wenchang-A depression and Wenchang-B
depression in Zhu-3 sub-basin. During the fault deposi-
tion period, the Zhuhai Formation and Zhujiang Formation
mainly composed of sand were developed. However, due to
the influence of the southern Zhu-3 sub-basin fault, there
was no Tertiary deposition in the Shenhu uplift. The Zhuji-
ang Formation was directly connected to the bottom of the
Pre-Triassic. The Zhujiang Formation became the reservoir
in the area (the stratum between T60 and T40 reflection
planes on the seismic reflection profile). The upper Hanji-
ang Formation (between T40 and T20 reflection planes on
seismic reflection profile) deposited thick mudstones and
fine sandstone due to the weakening of tectonic activity at
that time, and became regional cap rocks.

Sample collection and experiments

Thirty samples were collected in this study, including 6
crude oil samples, 8 mudstone samples of Enping Forma-
tion in Wenchang-A depression, and 16 mudstone samples
of Wenchang Formation in Wenchang-B depression. The
pyrolysis, macerals of the mudstone samples were analyzed.
In addition, all samples were analyzed by GC and GC-MS.
Several Chinese industries or national standards (numbers
prefixed with “SY/T” or “GB/T”) are cited below, and these
methods have been published publicly.

Pretreatment and Rock-Eval

According to GB/T19144-2010 standard, the samples were
subjected to pre-pyrolysis treatment. The carbonates and sili-
cates contained in the samples were removed by stepwise
pickling (Xiao et al. 2021). The remaining water was dried
with filter paper and the mudstone samples were crushed
through mudstone crushing prototype machine, model
MZ-100 (550 x 540 % 750), to make the particle size between
0.07 mm and 0.15 mm. The pyrolysis experiment of source
rock was carried out according to GB/T 18,602-2012. The
mudstone photo and rock composition were provided by
CNOOC Zhanjiang Branch.

Determination of total organic carbon

First grind the sample to a particle size of less than 0.2 mm,
weigh 0.01-1.00 g sample (required to be accurate to
0.0001 g), then slowly add excess hydrochloric acid solution,
place it on a water bath or electric hot plate, and control the
temperature at 60—80 °C for more than 2 h until the reac-
tion is complete. Place the dissolved sample in the porcelain
crucible of the suction filter and wash it with distilled water.
Then, put the washed sample into an oven at 60-80 °C for
drying. Finally, the Lcco CS-400 analyzer (600,191) was
used to determine the total organic carbon in the sedimen-
tary rock in the rock according to the GB/T 19,145-2003
standard.

GC and GC-MS experiments

The samples can be desorbed from the thermally evapo-
rated hydrocarbon and the pyrolytic hydrocarbon respec-
tively at different temperatures and constant temperatures
controlled by the pyrolysis furnace. Both were carried by
inert gas and separated into various monomer hydrocarbons
and monomer compounds by capillary column chromatog-
raphy, and detected by a flame-ion-detector. Refer to SY/T
6188-1996 industry standards. GC was carried out using a
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Fig.2 Synthetic columnar profile of Zhu-3 sub-basin in Pearl River Mouth Basin. (modified from Cheng et al. 2015)

Trace instrument equipped with a TG-5MS (both Thermo
Scientific) fused silica capillary column (30 m X 0.25 mm
id, 0.25 mm film thickness); the initial temperature of
the column temperature is not more than 50 C. And then
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program the temperature to 320 °C at 3~12 °C/min and
keep the temperature constant for 15 min. Compounds were
relatively quantified by integral areas of their peaks in the
chromatogram.
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All the samples used chloroform as the solvent, and the
Soxhlet extraction method was used to extract the soluble
organic bitumen in the experimental samples. After using
n-hexane to remove the asphaltenes, silica gel-alumina (3:2)
chromatography is used to separate saturated hydrocarbons,
aromatic hydrocarbons, and non-hydrocarbons. According
to SY 5258-1991, the saturated hydrocarbon fractions were
analyzed using HP5890-5972 chromatography/mass spec-
trometry analyzer. A 60.00 mx0.32 mm X 0.25 pm capillary
column was configured. The initial temperature of heating
was 100 °C, and the carrier gas was helium. The constant
current mode was adopted. The ion source temperature was
230 °C, and the inlet temperature was set to 310 °C (Su
et al. 2021).

Results and discussion
Basic geochemical characteristics of source rocks

Mudstone refers to the weakly consolidated clay that under-
goes moderate metagenesis (such as squeezing, dehydra-
tion, recrystallization, and cementation) to form a strongly
consolidated rock. When it is rich in certain organic mat-
ter and can generate oil and gas, it is called source rock
(Tissot and Welte 1978). The study area is black mudstone
(Fig. 3), and most of the components observed under the
microscope are argillaceous (Fig. 4), with a small amount
of quartz (Table 1).

Relevant data are shown in Table 2.

According to the existing production data and experi-
mental methods, the source rock hydrocarbon supply
horizon of Wenchang-A depression and Wenchang-B
depression has been in dispute (Lin and Sun 1999; Xie
et al. 2012). However, researchers generally believe that in
order to provide hydrocarbon for reservoirs with a certain
distance from the center of the depression, it is still domi-
nated by medium-deep lake facies source rocks of Wen-
chang Formation (MWC), shallow lake facies source rocks

Fig. 3 Mudstone samples, left:
WBI1, WC2, 3234m; middle:
WBI1, WCI, 3019m; right:
WA4, EP, 4122m

of Wenchang Formation (SWC) in Wenchang-B depres-
sion, and shallow lacustrine source rocks of Enping For-
mation (SEP) in Wenchang-A depression (Zhu et al. 1999;
Kang and Feng 2011). The distribution of MWC and SWC
source rocks in Wenchang-B depression was concentrated,
and for the SEP source rock in Wenchang-A depression,
it was widely distributed. To accurately determine the oil
source, four wells with different distances from the Wen-
chang-A deposition center were selected for discussion.

According to the pyrolysis data, the free hydrocarbon
(S;) content of the MWC is between 1.09 and 2.58 mg
HC/g rock, and the pyrolysis hydrocarbon yield (S,) is
5.14~19.92 mg HC/g rock. The source rocks have hydro-
carbon generation potential (S;+S,) is between 6.23
and 22.50 mg HC/g rock, the production index (PI) is
0.10~0.17, and the temperature with maximum hydro-
carbon generation (Tmax) is 442 ~ 444 °C, there is little
difference between the various values. The PI of SWC is
between 0.19 and 0.54, and the Tmax is 432 ~443 °C. The
PI of SEP is 0.10~0.41, and the Tmax is 435~485 C.

Through the intersection of PI and Tmax (Fig. 5a), it
can be clearly seen that the two sets of source rock data
of the Wenchang Formation are concentrated, except for
the individual data of SWC, which are all distributed in
the mature interval and have high hydrocarbon generation
capacity (Peters and Moldowan 1994; Varma et al. 2019).
The source rock data of the Enping Formation are scat-
tered and have reached the mature stage, but the maturity
is different. This may be related to the difference in sedi-
mentary organic matter and environment in different areas
of Wenchang-A depression (Biswas et al. 2020; Su et al.
2021). The total organic carbon (TOC) of the source rocks
in the study area is between 0.75 and 4.75. On the S,-TOC
intersection chart (Fig. 5b), except for a sample param-
eter of well WA2 in the Fair area, all other parameters are
good or excellent, indicating that the source rocks have
high abundance of organic matter and great hydrocarbon
generation potential (Tissot and Welte 1984; Hakimi et al.
2013).

- T SRR T
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Fig.4 Microscopic features of mudstone thin slices under single polarizer. Note: (a): WB1, WC2, 3234m; (b): WB1, WC1,3019m; (c): WAL,
EP, 3391.83m; (d) WA2, EP, 3538m; (e) WA3, EP, 4507.55m; (f) WA4, EP, 4122m. Photo from CNOOC Zhanjiang Branch

Molecular geochemical characteristics of crude oil
and source rocks

Characteristics of n-alkanes and isoprene

Relevant data are shown in Table 3.

Biomarker compounds retain various information such
as the source of organic matter, deposition environment and
maturity and have important applications for determining the
oil-source correlation (Mackenzie 1984; Ahmed et al. 2020).
N-alkanes and isoprene are rich in geological information.
They are less affected by geological processes, thus widely
used in studying molecular geochemical characteristics of
crude oil and source rocks (Hunt 1979; Schwark and Frim-
mel 2004;).

N-alkanes can be divided into three parts—short-chain
length n-alkanes (SCLAs: C,—C,,), intermediate-chain
length n-alkanes (ICLAs: C,,—C,,4), and long-chain length
n-alkanes (LCLAs: C,;—C;,) (Fig. 6). The n-alkanes of the
crude oil in the study area are mainly SCLAs, and the con-
tent is between 0.44 and 0.55, indicating that the source of
organic matter is mainly algae or microorganisms (Mayers
and Ishiwatari 1995). Among them, the main peak carbon
of SH1 well is nC,,,, which indicates that this well may be a
major contribution to bacterial lipids (Elias et al. 1997). The
remaining four wells have nC,, as the main peak, indicating
that the source is mainly algae lipids (Resmi et al. 2016).

@ Springer

There are differences in the n-alkanes of different source
rocks. It is particularly noted that the SCLAs in Well WA4 is
relatively high, with nC;, and nC, 4 as the main sources, indi-
cating that the source of organic matter is mainly algal lipids
(Mayers and Ishiwatari 1995; Resmi et al. 2016), which is
similar to the crude oil in the study area. The source rocks
of other wells are mainly ICLAs. Ortiz et al. (2011) believed
that nC,,-nC,; mainly came from ferns, and Bechtel et al.
(2018) reported that nC,; and nC,g mainly represented ter-
restrial woody plants. It shows that the organic matter of the
remaining source rocks not only contributes to ferns but also
comes from terrestrial woody plants. The LCLA distribution
of crude oil and source rocks has nothing to do with carbon
preference index (CPI, related to LCLAs) and odd—even pre-
dominance (OEP, related to LCLAs), which may addition-
ally indicate that the contribution of terrestrial plant-derived
organic matter is negligible (Tiwari et al. 2020). Therefore,
the CPI value may indicate the input of organic matter from
aquatic plants (Punyu et al. 2013).

Due to the presence of wax on the surface of plants,
the lipids of aquatic plants and terrestrial plants are simi-
lar (Aichner et al. 2010). Therefore, in order to distinguish
the types of the source plants that provide lipids, Ficken
et al. (2000) introduced a proxy ratio P, (a ratio of inter-
mediate chain length normal alkanes to longer chain length
homologs). The P, parameter and the average chain length
(ACL) value (another agent for determining the source
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Table 1 Rock-Eval data of source rocks in the Zhu-3 sub-basin

Well Source rock type Depth S, S, S +S, Tmax TOC PI
(mg HC/g rock) (mg HC/g rock) (mg HC/g rock) ©) (Wt.%)

WAL SEP 3329 0.03 0.26 0.29 436 1.21 0.10
WAL SEP 3391.83 0.05 0.34 0.39 435 1.05 0.13
WA2 SEP 3538 1.69 5.23 6.92 442 1.88 0.24
WA2 SEP 3632 0.27 1.45 1.72 441 0.75 0.16
WA3 SEP 4507.55 0.07 0.13 0.20 485 1.12 0.35
WA3 SEP 4512.15 0.05 0.17 0.22 476 1.42 0.23
WA4 SEP 4122 0.42 1.10 1.52 437 2.24 0.28
WA4 SEP 4380 0.48 0.69 1.17 467 1.64 0.41
WBI SwcC 2911 0.48 1.55 2.03 437 2.30 0.24
WBI SWC 2963 0.41 0.61 1.02 436 2.98 0.40
WBI SwC 2980 0.54 0.72 1.26 436 1.81 0.43
WBI SWC 3019 0.61 0.51 1.12 437 2.06 0.54
WBI SWC 3063 0.43 0.48 0.91 438 2.25 0.47
WBI SWC 3080 0.46 0.62 1.08 439 3.58 0.43
WBI1 SwC 3090 2.18 9.23 11.41 432 475 0.19
WBI SWC 3149 0.49 0.44 0.93 443 3.04 0.53
WBI MWC 3234 1.09 5.14 6.23 442 3.14 0.17
WBI MWC 3250 1.82 17.31 19.13 442 4.19 0.10
WBI MWC 3268 1.54 14.18 15.72 444 2.68 0.10
WBI MWC 3300 2.25 16.32 18.57 440 2.32 0.12
WBI1 MWC 3326 1.84 15.46 17.30 444 3.25 0.11
WBI1 MWC 3346 2.03 16.06 18.09 442 2.32 0.11
WBI1 MWC 3366 2.44 17.25 19.69 440 2.59 0.12
WBI1 MWC 3400 2.58 19.92 22.50 442 2.03 0.11

S, =free hydrocarbons (mg HC/g rock); S, =pyrolytic hydrocarbon yield (mg HC/g rock); TOC =total organic carbon (wt.%); Tmax =tempera-
ture with maximum hydrocarbon generation (°C); PI: production index=S,/(S,+S,); SEP: shallow lake facies in the Enping Formation; SWC:
shallow lake facies in the Wenchang Formation; MWC: medium-deep lake facies in the Wenchang Formation

of LCLAs) shows a strong negative linear correlation
(r=-0.91, Fig. 7a), indicating that the main contribu-
tion of organic matter is not terrestrial plants. In addition,
this parameter has a good positive correlation with SCLAs
(Fig. 7b), which may further indicate that SCLAs come from
aquatic plants.

The pristine (Pr) and phytane (Ph) in sediments are
derived from chlorophyll’s phytic alcohol side chain. The
pristane is formed under oxygen condition, and the phy-
tane is formed under reduction conditions. Therefore, they
can indicate the environment of organic matter deposition
(Seifert and Moldowan 1978; Patra et al. 2018; Samad et al.
2020). The Pr/Ph ratio of crude oil in the Shenhu uplift is
between 2.35 and 3.28, indicating a weakly oxidized sedi-
mentary environment, which is similar to the source rocks
of MWC (Pr/Ph:2.31 ~2.64), well WA2 (Pr/Ph=2.49)),
and well WA4 (Pr/Ph=2.59) environment. The informa-
tion reflected by n-alkanes is as follows: the crude oil in the
study area and the two sets of source rocks of the Wenchang
Formation are quite different, while Pr/Ph shows that the

crude oil environment in the Shenhu uplift area is similar
to that of the MWC. The Pr/Ph is different from the infor-
mation reflected by n-alkanes. Therefore, to determine the
source of crude oil from the Shenhu uplift more accurately,
it is necessary to refer to other biomarker compounds and
apply multiple parameters to determine the source rock in
the study area.

Characteristics of tricyclic terpenes and bicyclic
sesquiterpenes

The full name of the peak in the mass spectrometer-chroma-
togram is shown in Table 4. Relevant parameters are shown
in Table 5.

Because of their own characteristics, terpenoids have
important applications in the comparative study of oil
sources. This study highlights the relationship between tri-
cyclic terpenes (TTs) and bicyclic sesquiterpenes in crude
oil and source rocks. Tricyclic terpanes are considered as
substitutes for sterols in the prokaryotic cell membrane

@ Springer
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Table 2 Basic geochemical data of source rocks in the Zhu-3 sub-basin

Well Source rock type Depth Sapropel(%) Exinite(%) Vitrinite(%) Inertinite(%) TI Organic
matter
type

WAI1 SEP 3329 60.3 0 31.8 7.9 28.6 11,

WAI1 SEP 3391.83 18.0 1.0 37.0 44.0 -53.3 m

WA2 SEP 3538 54.3 0.3 42.1 33 19.6 11,

WA2 SEP 3632 16.8 0.6 63.3 19.3 -49.7 m

WA3 SEP 4507.55 27.1 0.3 54.2 18.4 -31.8 1

WA3 SEP 4512.15 79.0 0.0 13.0 8.0 61.3 11,

WA4 SEP 4122 37.9 0.0 62.1 0.0 -8.7 1

WA4 SEP 4380 473 0.0 50.9 1.8 73 11,

WBI SwWC 2911 68.0 2.0 23.5 6.5 449 1I,

WBI1 SwWC 2963 474 0.0 45.8 6.8 6.3 11,

WBI1 SwWC 2980 52.8 0.9 43.3 3.0 17.8 11,

WBI1 SWC 3019 74.0 4.5 21.0 0.5 60.0 1I,

WBI1 SWC 3063 54.0 1.0 44.0 1.0 20.5 11,

WBI1 SWC 3080 79.7 4.5 14.7 1.1 69.8 1I,

WBI1 SwWC 3090 75.3 6.7 8.0 10.0 62.7 1I,

WBI1 SWC 3149 64.3 14 24.0 10.3 36.7 11,

WB1 MWC 3234 90.0 4.0 6.0 0.0 87.5 1

WB1 MWC 3250 87.9 2.3 8.7 1.1 814 1

WBI1 MWC 3268 74.0 4.5 21.0 0.5 60.0 II,

WBI1 MWC 3300 72.0 1.8 24.7 1.5 52.9 1I,

WBI1 MWC 3326 71.4 2.0 22.3 4.3 514 1I,

WBI1 MWC 3346 82.0 8.0 3.0 7.0 76.8 I,

WBI1 MWC 3366 86.6 9.0 4.0 0.4 87.7 1

WBI1 MWC 3400 90.0 4.0 6.0 0.0 87.5 I

TI=(sapropel x 100+ exinite X 50 — vitrinite X 75 — inertinite X 100)/100

Fig.5 Evaluation cross-plots 490 100 g —
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Table 3 Saturated hydrocarbon related parameters of crude oil and source rock

Well  Formation Depth (m) Main peak carbon 1 2 3 4 5 6 7 8 9 10 Sample type
WAl EP 3391.83 nCyg 022 043 035 158 109 2786 051 088 033 024 SEP
WA2 EP 3538 nCy; 027 049 024 163 1.11 27.08 0.64 249 215 054

WA3 EP 4507.55 nC,, 027 047 026 156 1.10 27.61 057 1.08 0.69 045

WA3 EP 4512.15 nC,, 026 047 027 155 1.09 2759 058 097 078 027

WA4 EP 4122 nC,, 043 042 0.15 154 101 2657 072 259 044 0.17

WA4 EP 4380 nCg 043 041 0.16 153 1.02 2658 071 1.8 030 0.16

WB1 WC1 3019 nC,;,nCy,y 022 047 031 177 121 27.65 055 174 1.06 031 SWC
WB1 WC1 3149 nCy,nCyy 021 048 031 1.71 122 27.66 054 136 040 0.36

WBI1 WC2 3234 nCy,,nCys 022 046 032 1.69 1.14 2758 053 264 034 013 MWC
WBI1 WC2 3268 nCy,nCyy 035 039 026 1.67 1.13 2759 056 231 033 0.14

SH1 ZJ1 1269.6 nCy, 044 034 022 147 105 2741 0.61 235 047 021 Oil
SH2 ZJ1 1205 nC,, 049 035 0.15 155 111 2725 0.65 328 038 0.13

SH3 ZJ1 1224 nC,; 055 032 014 159 1.11 2727 065 321 037 0.13

SH4  ZJ1 1143.5 nC,, 049 034 0.17 157 107 2737 0.61 283 056 022

SH4 71 1144.1 nC,,; 0.51 034 0.15 158 1.08 2736 0.62 290 032 0.11

SH4 ZJ1 1145.8 nC,, 048 035 0.17 157 1.09 2728 0.63 271 0.60 0.21

1: short-chain length n-alkanes (SCLAs: C;,—C,(); 2: intermediate-chain length n-alkanes (ICLAs: C,,—C,s); 3: long-chain length n-alkanes
(LCLAs: Cy;—Cy,); 4: odd—even predominance (OEP)=(nC,s5+6* nC,;+nCy)/(4*(nCys+nC,q)) (Tewari et al
index (CPI)=( (nCy;+nC,5+nC,;+nCyy+nCy)) + ( nCys+nCyy +nCyhq+nCyy +1Cs33))/(2* (nCyy +nCh4+nCog+nCyy+nC;yy)) (El-Nemr et al.
2016); 6: average chain length (ACL)=(25* nC,5+27* nC,;+29*nCyy+31*nC;; +33*nC5;)/(nC,5 +nCy; +nCyg +nCy; +nCy;) (Ahmed et al.
2017) 7: proxy ratio (P,g) = (nCy3 +nC,5)/(nCy3 +nCys +nC,; +nCyy) (Ficken et al. 2000); 8: Pristine (Pr)/ Phytane (Ph); 9: Pr/nC,4;10: Ph/nC,g

. 2017); 5: carbon preference
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Fig.6 Saturated hydrocarbon chromatogram of crude oil and source rocks
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Fig.7 Relation of proxy ratio (Paq) with average chain length (ACL) (a) and concentrations of short-chain length n-alkanes (SCLAs) (b)

(Neto et al. 1982; Grande et al. 1993), indicating the con-
tribution of algae and microorganisms (Ourisson et al.
1982); Samuel et al. 2010). Previous studies found that
the change of C,q—C,; TT could reflect the sedimentary
environment and parent material source (Simoneit et al.
1990; Tao et al. 2015). The drimane series compounds in
dicyclic sesquiterpenes are derived from bacteria and other
microorganisms (Stout et al. 2005). They are formed by

the reduction or rearrangement of degradation products
of hopane precursors in the early stages of diagenesis. It
is mainly related to the catalytic rearrangement of clay
minerals in source rocks, that is, related to the sedimentary
environment (Cesar and Grice 2018).

C,4—C,¢ cheilanthane TT are the main research objects
this time, and their distribution characteristics are shown
in Fig. 8. The crude oil in the study area contains relatively

Table 4 The full name of the compound corresponding to each peak in the m/z 191, m/z 123, and m/z 217 chromatograms

Peak Full name Peak Full name Peak Abbreviations Full name

TT Tricyclic terpane Cyuof S 17a(H), 21BH)-Csy a Cyy0a0r 20R sterane  Sa(H),14a(H),17a(H)-

hopane(22S) C,;sterane(20R)

Ts 18a(H)-C,; trisnorhopane Cyap R 17a(H),218(H)-Csy b Cygoact 20R sterane  24-Methyl-

hopane(22R) Sa(H),14a(H),17a(H)-
Cygsterane(20R)

Tm 17a(H)-C,; trisnorhopane 1 4,4,8,8,9-Pentamethyldecalin ¢ Cygaxar 20S sterane  24-Ethyl-
Sa(H),14a(H),170(H)-Cyq
sterane(20S)

Cyap  17a(H), 21B(H)-C,g norho- 2 C,sbicyclic sesquiterpanes d Cyo0fp 20R sterane 24-Ethyl-

pane Sa(H),14p(H),17p(H)- C,
sterane(20R)

Cypap 17a(H), 218(H)-C3y hopane 3 4,4,8,9,9-Pentamethyldecalin e C,q0fp 20S sterane  24-Ethyl-

Sa(H), 14p(H),17p(H)- Cyg
sterane(20S)

Cyof S 17a(H), 21p(H)-C5, 4 C,58p(H)-drimane f Cyooacr 20R sterane 24-Ethyl-

hopane(22S) Sa(H),14a(H),17a(H)- C,
sterane(20R)

C;of R 17a(H), 21B(H)-C5, 5 4,4,9,9,10-Pentamethyldeca-

hopane(22R) lin

Cyapf S 17a(H), 21p(H)-Cs5, 6 C,¢8a(H)-drimane

hopane(22S)

Cyap R 17a(H), 21p(H)-C;, 7 C,¢bicyclic sesquiterpanes

hopane(22R)

Cyiof S 17a(H), 21B(H)-Cs; 8 C,¢bicyclic sesquiterpanes

hopane(22S)

Cyiof R 17a(H), 21B(H)-Cs5 9 C,8p(H)-homodrimane

hopane(22R)
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Table 5 Molecular geochemical data of crude oil and source rocks

Well Formation Depth (m) Terpenes (m/z 191) Bicyclic sesquiterpene  Steranes (m/z m/z 412 Sample
(m/z 123) 217)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 type
WAl EP 3391.83 0.16 023 0.18 034 039 255 092 066 020 1.09 563 020 041 042 3.65 SEP
WA2 EP 3538 049 033 0.16 0.13 038 135 094 0.78 035 1.05 535 0.11 045 043 237
WA3 EP 4507.55 058 042 0.14 030 031 133 1.63 1.69 027 1.02 154 030 041 037 3.46
WA3 EP 4512.15 059 042 0.16 025 033 0.74 147 156 028 1.06 1.65 0.63 0.51 041 3.17
WA4 EP 4122 0.65 0.63 0.11 040 029 3.68 135 1.18 0.16 0.62 2.00 029 0.46 052 0.55
WA4 EP 4380 0.72 0.62 0.10 036 0.28 057 125 135 0.16 063 234 025 045 0.57 0.36
WB1 WCl1 3019 0.08 025 0.08 026 037 117 1.06 1.01 025 1.16 499 0.15 038 039 0.58 SwWC
WB1 WC1 3149 0.06 025 0.07 0.60 040 1.04 094 087 024 1.03 481 0.11 037 038 0.44
WB1 WC2 3234 0.11 072 0.05 027 038 1.62 0.69 051 026 1.12 935 0.76 040 0.54 0.00 MWC
WB1 WC2 3268 0.12 073 005 030 037 191 0.73 061 026 1.13 850 0.65 0.36 0.58 0.00
SH1 ZJ1 1269.6 0.16 0.74 0.07 041 026 292 1.60 3.10 097 135 0.54 024 034 056 0.78 Oil
SH2 ZI]1 1205 0.17 076 0.06 038 0.29 273 1.47 338 099 123 0.53 034 040 0.54 1.08
SH3 ZJ1 1224 023 075 0.06 039 025 324 178 255 085 0.85 0.73 0.29 039 0.54 1.10
SH4 7Z]1 1143.5 023 0.77 0.07 038 030 265 128 202 074 096 1.07 034 034 0.57 1.61
SH4 ZJ1 1144.1 029 0.78 0.07 044 023 437 184 245 076 1.02 090 033 039 053 1.55
SH4 71 1145.8 030 0.76 0.05 036 029 274 152 3.05 079 1.06 0.65 0.28 042 0.50 1.59

1=YTTs/Y Hops =(Cg-Cpg TT)/(CpqtB-C5,0B); 2=Ts/(Ts+Tm); 3=Ga/C;3H; 4=(C 9+ CyyTT)/(C;g-CpeTT); 5=(Cy; + Co3TT)/(C,o-CpeTT);
6=(C g+ C, TT)/C3TT; 7=C,,TT/C,,TT; 8=4,4,8,8,9-pentamethyldecalin/C,s8(H)-drimane; 9=4,4,9,9,10-pentamethyldecalin/C,,8p(H)-
homodrimane; 10=4,4,8,9,9-pentamethyldecalin/C,s8(H)-drimane; 11 =C,8p(H)-homodrimane/4,4,8,8,9-pentamethyldecalin; 12 = C;,-4MSt/
C,9 Regular sterane; 13 =C,ofp/(BP + ax); 14=C,420S/(20S +20R); 15 =(W + T)/C; Hopane

low cheilanthane tricyclic terpenes, and the ratio of chei-
lanthane tricyclic terpenes to hopanes () TTs/Y Hops)
is 0.16 ~0.30. The C,,TT has the highest content, and it
is the main peak carbon. C,g—C,;—C,,—C,;TT presents a
“low—high-low” distribution characteristic, which means
that the C;y—C,, tricyclic terpenes imported from ter-
restrial sources are higher than the C,,—C,; tricyclic
terpenes representing lacustrine inputs. The ratio of
(Cig+Cy)/(C1g—Cy¢) TT is 0.36 ~0.44, and the value of
(Cy1 +C3)/(Cg—Cy¢) TT is distributed between 0.23 and
0.30, (Cg+ Cyp)/(Cy3) TT is 2.65 ~4.37, and the value of
C,o/C,, TT is 1.28-1.84. This indicates that the crude oil
from the Shenhu uplift has a larger proportion of its parent
source from terrestrial organisms.

The C;y—C,;—C,,—C,;TT of MWC also presents a
“low—high-low” distribution, but with C,,TT as the main
peak, and C,;—C,;TT is higher than C,y—C,,TT. For exam-
ple, the value of (C g+ C,)/(C9—C,¢) TT is between
0.27 and 0.30, and the value of (C,; +C3)/(Cg—Cy) TT
is 0.37~0.38. The C,y-Cy-C,;-C,3TT of the SWC are
“upward.” The tricyclic terpane characteristics of the above
two sets of source rocks are quite different from crude oil. In
addition, the source rocks of SEP in Wenchang-A depression
are inequal in tricyclic terpenes, showing different distribu-
tion characteristics. However, the distribution characteristics
of tricyclic terpenes in the source rock of well WA4 are
consistent with the characteristics of the crude oil in the

Shenhu uplift. They are all characterized by C,,TT as the
main peak carbon, with “low-high-low” distribution charac-
teristics. The value of (C,¢+ C,)/(Cg—C,4) TT is 0.36-0.40,
(Cy; +C)/(C9-Cye) TT is 0.28-0.29, which indicates that
the terrestrial input contributes more to their parent mate-
rial sources.

The drimane series of dicyclic sesquiterpene is a class
of low-molecular biomarkers with carbon numbers rang-
ing from C,, to C4, containing multiple isomers, mainly
identified on the m/z 123 mass chromatogram of satu-
rated hydrocarbons (Yang et al. 2012). Among them,
4.4.8,8,9-pentamethyldecalin, 4,4,8,9,9-pentamethyldecalin,
and 4,4,9,9,10-pentamethyldecalin are formed by rearrange-
ment of drimane. The 4,4,8,8,9-pentamethyldecalin peaks of
the crude oil from the Shenhu uplift are higher, and the peak
shape distribution characteristics of the wells WA3 and WA4
are similar to it. The values of 4,4,8,9,9-pentamethyldeca-
lin /C,58B(H) drimane and 4,4,9,9,10-pentamethyldecalin/
C,c8p(H) homodrimane in the crude oil samples are higher
than those of the source rock, but relatively close to those of
the WA3 and WA4 wells (Fig. 9).

C,,-C,oregular steranes and 4-methyl steranes
The relevant parameters are shown in Table 5. The full

name of the peak in the mass spectrometer-chromatogram
is shown in Table 4.
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Fig.8 Terpane mass chromatogram (m/z 191) of crude oil and source rocks

C,;—C,g regular sterane derived from sterols in eukaryotes
and algae (Tissot and Welte 1984). 4-Methyl sterane is a
common component of Cenozoic lake sediments in China
(Huang et al. 1994). It is dominated mainly in lacustrine
environments and has been considered to be associated
with abundant algae of dinoflagellates (Wolff et al. 1986)
and pavlova gyrans (Volkman et al. 1990) in the PRMB.
Therefore, they can be used to analyze the source of the
crude oil parent material. It plays an important role in

@ Springer

analyzing molecular geochemical characteristics of crude oil
and source rocks. The aoaa20RC,;-aaa20RC,5-0axa20RC g
regular sterane of crude oil in Shenhu uplift area showed “L”
type and has a certain content of C;,-4 MSt methyl sterane
distribution (Fig. 9). The value of C3,-4 MSt/C,4 regular
sterane is between 0.24 and 0.34. As far as the distribution
characteristics of steranes are concerned, the characteristics
of MWC of Wenchang-B depression are most different from
that of crude oil. The aaa20RC,;-aaa20RC5-00x20RC g
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Fig.9 Bicyclic sesquiterpene mass chromatogram (m/z 123) of crude oil and source rocks

shows a reverse “L” type and contains high C;,-4 methyl
steranes. The C;4-4 MSt/C,4 regular sterane values are
between 0.65 and 0.76, indicating that the relationship
between the MWC and crude oil in the study area is weak,
and the possibility of crude oil from the source rocks is low.
In addition, the regular sterane distribution characteristics
of wells WA1, WA3, and WA4 are similar to that of crude
oil. WA3 and WA4 wells contain a certain amount of C;)-4
methyl sterane, and the C;,-4 MSt/C,4 regular sterane values
are 0.30-0.63 and 0.25-0.29, respectively. This indicates
that the source of crude oil is more similar to the source
rocks of the two wells.

Bicadinanes

Bicadinanes is widely distributed in tertiary sediments and
crude oil in Southeast Asia (Zhang et al. 2004). Predecessors
have conducted many studies on the characteristics of bicadi-
nanes (Vanaarssen et al. 1990; Yin et al. 2020). It is generally
believed that bicadinanes are derived from a resin compound

and formed in a partially oxidized depositional environment
(Zhu et al. 2006). Due to its unique cracking mode, strong
fragmentation peaks can be detected in mass chromatography
with various mass-to-charge ratios. In this study, according to
the peak position and relative retention time of bicadinanes
published in Murray et al (1994), bicadinanes were identified
in the m/z 412 mass chromatogram (Fig. 10).

The bicadinanes “W,” “T,” and peak C;,H in the crude oil
of the Shenhu uplift area showed a “mountain peak” distri-
bution, with “T” as the main peak, and (W +T)/C;,H values
ranging from 1.08 to 1.61. Among several sets of source rocks,
MWC does not contain bicadinanes, SWC and well WA4
Enping source rock does not contain W, and the (W +T)/
C;oH value is less than 1.00. Well WA1 and WA?2 also have
no W peak distribution. Still, the distribution characteristics
of bicadinanes in well WA3 are consistent with the crude oil
in the study area, and the value of (W +T)/C; H is between
3.17 and 3.46. It shows that the source of crude oil in the study
area is mainly higher plants, similar to the characteristics of
Well WA3.
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Qil source relations
Maturity

The difference between crude oil and source rock has been
qualitatively analyzed in 4.2 section, and now the oil-
source relationship is quantitatively analyzed in combina-
tion with the multi-parameter cross-plot (Fig. 11). Several
sterane and terpane isomerization parameters, including
C,y sterane 20S/ (20S 4+ 20R), C,, sterane PP/ (BP + aw),
Ts/(Ts + Tm), tricyclic/pentacyclic terpanes, as well as Pr/
nC,; and Ph/nC; ratios have been used widely for matu-
rity evaluation (Gao et al. 2015). On the intersection dia-
gram of C,, sterane 20S/(20S 4+ 20R) and C,q sterane pp/
(BB + aar) (Fig. 11a), the source rock in the study area is in
the mature interval. The SWC of well WB1 and the SEP of
wells WA2 and WA3 are of relatively low maturity, which
is somewhat different from the distribution characteristics
of crude oil in the Shenhu uplift (Fig. 11 a, b, and c). The
source rocks of these three wells may contribute to a cer-
tain degree of crude oil accumulation in the Shenhu uplift
area. The MWC in well WB1 and the SEP in well WA4
have high maturity. The relevant parameters are consistent
with the distribution characteristics of crude oil (Fig. 11 a,
b and c), indicating that they are closely related.

Fig. 11 Oil source correlation parameter cross plot (base image from»
Gao et al. 2015)

Sedimentary environment

The intersection of Pr/nC,;-Ph/nC;3 and Pr/
Ph-Gammacerane Index (Ga/C;yH) has been used to
represent the depositional environment (Gao et al. 2015;
Quan et al. 2015), and bicyclic sesquiterpenes also have
the meaning of indicating the sedimentary environment
(Cesar and Grice 2018). The parameter distribution range
of wells WA1 and WA2 is quite different from that of crude
oil (Fig. 11 c, d, e, and f), indicating that the water bodies
were deposited in different environments at that time. Thus,
the possibility that the crude oil came from the source
rock of well WA1 and WA2 was ruled out. Judging from
the distribution characteristics of bicyclic sesquiterpenes
(Fig. 11 e and f), the two sets of source rocks of Wenchang
Formation in Wenchang-B depression are quite different
from the characteristics of crude oil from the Shenhu uplift,
reducing the possibility of crude oil came from these two
sets of source rocks. The source rock characteristics of wells
WA3 and WA4 are similar to those of crude oil (Fig. 11 ¢, d,
e, and f) and are closely related.
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Fig. 10 Mass chromatography (m/z 217 and m/z 412) of crude oil and source rocks
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Parent material

The related parameters of tricyclic terpenes reflect the par-
ent source relationship of crude oil in the study area. C;-4
methyl sterane has been widely used in studying the source
of parent material in the Zhu-3 depression (Volkman et al.
1990; Tao et al. 2015). Figure 11 g shows that the crude oil
and the two sets of source rocks in the Wenchang-B depres-
sion are quite different. The relevant parameters are distrib-
uted in different intervals. Therefore, the possibility that
the crude oil came from the source rocks of the Wenchang
Formation in the Wenchang-B depression can be ruled out.
It can be seen from Fig. 1 that both wells WA3 and WA4 are
close to the deposition center of Wenchang-A depression,
and their other characteristics are similar. To further explore
the differences between the two and their relationship with
crude oil. Draw the intersection diagram of C;,-4MSt/C5 H
and (W +T)/C;,H (Fig. 11i). It is found that the parameters
of crude oil are consistent with the distribution of well WA4
and are different from well WA3. It shows that the parent
source of wells WA3 and WA4 is different, and the parent
material source of crude oil is the same as that of well WA4.

Source of crude oil
Quan et al (2015) believed that the crude oil came from

the Wenchang-B depression (Fig. 12). However, this under-
standing is relatively shallow and does not consider more

WBI1
a

geological conditions. First of all, the geological conditions
of Wenchang-B depression are complicated, and there is no
more systematic study on the activity and sealing of faults.
Secondly, the oil generated in Wenchang-B depression needs
to pass through Wenchang-C depression to migrate to the
Shenhu uplift. The geological conditions of Wenchang-C
depression are less understood at this stage. Last but not
least, through the previous analysis from the article, the geo-
chemical characteristics have ruled out the possibility that
the crude oil in the Shenhu uplift area came from the Wen-
chang-B depression. Therefore, this study believes that the
accumulation of crude oil in the Shenhu uplift area should be
as shown in Figure 13: the crude oil came from the shallow
lacustrine source rock of the Enping Formation in well WA4
and migrated vertically through the fault to the Zhujiang
Formation. Laterally, the sand bodies migrated along the
steep slope to form reservoirs in the study area.

Conclusions

1. There are mainly three sets of source rocks in the Zhu-3
sub-basin: MWC and SWC source rocks in Wenchang-B
depression, and SEP source rocks in Wenchang-A depres-
sion. The three sets of source rocks have a good hydrocarbon
generation potential, and the MWC is the best. In order to
refine the characteristics of the source rock in Wenchang-
A depression, four wells with different distances from the
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deposition center were selected. The well WAL far from the
deposition center has low maturity and low hydrocarbon
generation potential.

2. Using multiple parameters to determine the character-
istics and source of crude oil, and comparing the difference
between crude oil and the source rock of each well one by
one, it was found that (i) in terms of sedimentary environ-
ment characteristics, the difference between crude oil and
the source rock of wells WA1 and WA?2 is the biggest, fol-
lowed by the two sets of source rocks of the Wenchang For-
mation in Wenchang-B depression; (ii) the source of crude
oil parent material is the closest to the source rock of well
WAA4.

3. Through the above analysis, combined with the geo-
logical profile, the possibility of crude oil accumulation
combined with the characteristics of crude oil accumula-
tion is analyzed. It is believed that the crude oil came from
well WA4, which is the nearest to the center of Wenchang-A
depression. It migrated upwards through faults in the vertical
direction, and then migrated along the steep slope belt to the
Shenhu uplift to form reservoirs. In the future, more relevant
studies can be conducted on faults and the direction of oil
and gas migration, and this possibility may be proved from
experiments and data analyses.
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