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a b s t r a c t

The Middle Eocene Wenchang (WC) formation in the Huizhou depression of the Pearl River Mouth basin
is an important geological element for petroleum exploration in the South China Sea. In this study, the
geological and geochemical characteristics of the WC source rocks, including the distribution, sedi-
mentary environment, organic matter type, hydrocarbon generation potential and thermal maturity
were investigated. Hydrocarbon generation history and hydrocarbon expulsion intensity and quantities
were evaluated through one dimensional basin modelling and an improved hydrocarbon generation
potential methodology. The WC source rocks are widely distributed and have an elevated thickness
(mostly thicker than 200 m, with a maximum thickness greater than 1000 m); they were deposited in a
lacustrine weak oxidationeweak reduction sedimentary environment with low salinity. The source rocks
have low to high organic matter abundance (TOC mainly ranges from 0.27 to 3.59 wt% with an average of
1.39 wt%) dominated by II1etype and II2etype kerogen, resulting in significant hydrocarbon generating
potential under moderateehigh thermal evolution (Ro mainly ranges from 0.65% to 1.2% on the margins
of sags and greater than 1.2% in the centre of sags). The source rocks became mature (Ro ¼ 0.5%) in the
early Miocene and began to generate hydrocarbons. They reached the hydrocarbon expulsion threshold
at 0.8% Ro and the hydrocarbon expulsion rate became greatest at 1.1% Ro. The expulsion intensities in the
H26 sag, H21 sag, X24 sag and X23 sag are relatively large, with their greatest expulsion intensities being
104 � 106, 71 � 106, 62 � 106 and 53 � 106 t/km2, respectively. The comprehensive hydrocarbon
expulsion efficiency was approximately 75%. About 690.1 � 108 t of hydrocarbons were expulsed from
the WC source rocks in the Huizhou depression.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The Pearl River Mouth basin (PRMB) is one of the most petro-
liferous basins in China (Chen, 2000; Guo et al., 2000). The Huizhou
depression, located in the northern part of the Pearl River Mouth
troleum Resources and Pro-
d, Changping District, Beijing,

Jiang), pangxq@cup.edu.cn
basin, has enormous inferred hydrocarbon resources. Many oil
fields have been recently discovered in the Huizhou depression.
The oil and natural gas resources are huge, with approximately 3.88
billion tons and 0.27 billion tons, respectively (Shi et al., 2009),
making it an important and strategic area for petroleum explora-
tion (Fu et al., 2001; Wu et al., 2012). At present, 32 oil fields have
been identified in the Huizhou depression and its surrounding
areas. The hydrocarbons in these oil fields are discovered in the Late
Oligocene Zhuhai formation and the early to middle Miocene
Zhujiang formation and Hanjing formation (Zhang et al., 2003,
2004). The sources of these hydrocarbons are mainly from Eocene
Wenchang formation and secondary from early Oligocene Enping
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formation (Zhang et al., 2003, 2004; Li et al., 2008). The total re-
serves are estimated by the China National Offshore Oil Corporation
Limited-Shenzhen in the order of millions of cubic meters. This
demonstrates that the Huizhou depression is one of the major
hydrocarbonerich areas in the PRMB (Chen, 2000; Guo, 2000; Shi
et al., 2009). Despite the huge inferred resource potential, suc-
cessfully locating the accumulations has been challenging, and
currently only 15% of the potential resource been discovered (Wu
et al., 2012).

With the continuous increase of petroleum exploration in the
Neogene formations, there has been an extensive prospecting in
the shallowerMiocene and Oligocene age succession. It has become
increasingly difficult to prospect for large oil and gas fields in these
strata. Therefore, the exploration target has gradually been shifted
to the deeper Eocene strata (Zhu et al., 1997; Wang and Zhang,
1999; Zhu et al., 1999; Nie et al., 2001; Shi, 2013). Large amounts
of data indicate that the Middle Eocene mudstoneebearing Wen-
chang (WC) formation in the Huizhou depression contains themain
source rocks (Yuan et al., 2014). Poor knowledge of the character-
istics and evolution of the organic matter within the potential
source rocks may have been responsible for the unsuccessful
exploration attempts in the Huizhou depression. Therefore,
knowledge of whether the Middle Eocene source rocks have
generated and expelled a high petroleum volume is critical.

This study focuses on the detailed geochemistry of the Middle
Eocene WC formation in the Huizhou depression to provide an
overview of the source rock characteristics. This work analyses the
distribution, sedimentary environment, hydrocarbon generation
potential and thermal maturity of the organic matter. Moreover, it
systematically evaluates the hydrocarbon generation history and
hydrocarbon expulsion characteristics, including expulsion in-
tensity, efficiency and expelled hydrocarbon quantities. The final
purpose of this work is to reeappraise and validate the potential of
the WC formation as an effective source rock to ultimately provide
further insight into the source rocks for future petroleum explo-
ration programs and resource assessments in the basin.

2. Geological setting

The Pearl River Mouth basin (PRMB), located in the South China
Sea (Fig. 1a), is divided into five tectonic units from north to south
(Fig. 1b). These are the northern uplift zone, the northern depres-
sion zone, the central uplift zone, the southern depression zone and
the southern uplift zone. The Huizhou depression is located in the
central part of the Zhu I subbasin, which is part of the northern
depression zone (Fig. 1c). The Huizhou depression stretches from
the northern uplift in the north to the central uplift in the south,
and from the HeL low uplift in the east to the H-X uplift in thewest,
with an area of approximately 10,000 km2. The PRMB, which
formed as a result of complex poly-extensional tectonic evolution,
can be subdivided into three main tectonic stages: (1) Late Creta-
ceous to early Oligocene rifting stage. (2) Middle Oligocene to
earlyemiddle Miocene depression stage. (3) Late Miocene to the
present blockefaulting stage (Robinson et al., 1998; Zhang et al.,
2004; Cui et al., 2009). During this period, tectonic movements
resulted in a series of uplifted and subsided blocks (Zhang et al.,
2004; Cui et al., 2009).

The geological setting controls the structural configuration of
the Huizhou depression, consequently influences the source rock
characteristics and hydrocarbon generation and expulsion history.
The Huizhou depression experienced continental mudstone
deposition within fluvial and lacustrine environments during most
of the Paleogene and Eocene rifting episode (Aquilera et al., 1990;
Chen and Pei, 1993; Robison et al., 1998; Zhu et al., 2009; Sun
et al., 2012), developing 11 sags during this rifting episode
(Fig. 1c) (Xu et al., 2012). In the Middle Eocene, the shallow to semi-
deep lacustrine organicerich mudstones were deposited in the 11
sags, forming the primarily important Wenchang (WC) source
rocks (Zhang et al., 2003; Xu et al., 2012). The maximum thickness
is approximately 2500 m (Xu et al., 2012). In the Late Eocene, a suit
of fluvial swamp facies coal-bearing strata were deposited, forming
the secondarily important Enping (EP) source rocks (Xu et al., 2012;
Li et al., 2013; Wu et al., 2013), with the mudstone and coal-bearing
beds of different thickness. The thickness of EP formation in the
centre of sag was not greater than 2000 m (Xu et al., 2012).

Subsequently, the Huizhou depression subsided slowly and
most of the depression was occupied by shallow seawater during
the middle Oligocene (Zhang et al., 2004; Cui et al., 2009). Sand-
stone beds with high porosity and permeability, in combination
with marine shale, formed excellent reservoireseal assemblages
(Fig. 2) (Zhu et al., 1999; Gong and Li, 2004; Zhou, 2011; Cheng et al.,
2013).
3. Materials and methods

3.1. Materials

72 core samples from five wells in the Huizhou depressionwere
collected for source rock analysis. Information on core samples is
provided in Table 1 along with sample well location (Fig. 1). All the
wells are generally concentrated on a structural high within the
depression. Three wells (HZ1, HZ2 and HZ4) were drilled to the
bottom of the WC formation, and the other two wells were drilled
below the top of the WC formation in the study area. All samples
were obtained from mudstones sections. The lithologies of the
samples comprise a variety of organic-rich mudstones, silty
mudstone and carbonaceous mudstone. Furthermore, TOC distri-
bution map of the WC formation was selected from Shi (2013).
Formation thicknesses and lithologies data of well HZ1, HZ2 and
HZ4, which were drilled to the bottom of the WC formation, were
collected from well drilling reports for the 1D basin modelling
(Table 2). Geothermal gradient data were also collected from well
drilling reports. Geothermal gradient of HZ1, HZ2, and HZ4 are
3.23 �C/100 m, 3.22 �C/100 m, and 3.63 �C/100 m, respectively.
3.2. Laboratory methods

3.2.1. Geochemical analyses
The geochemical analyses used to evaluate source rock potential

included the determination of total organic carbon (TOC) content,
RockeEval pyrolysis, and vitrinite reflectance (Ro). The TOC was
determined using a LECO CSe400 analyser. RockeEval pyrolysis
(Espitali�e et al., 1977; Peters, 1986) was performed using a Rock-
eEval II instrument. The parameters measured included free and
volatile hydrocarbon (S1), which is thermally liberated from a
sample at 300 �C, remaining hydrocarbon generative potential (S2),
which arises during progressive heating from 300 to 600 �C
(Espitali�e et al., 1977; Tissot and Welte, 1984), and temperature of
maximum pyrolysis yield (Tmax). Vitrinite reflectance measure-
ments were conducted on 22 samples with varying TOC contents
between 0.37 wt % and 2.89 wt % (Table 3). Measurements of mean
randomvitrinite reflectance (Ro) weremade using an oil immersion
lens and a Leica MPV Compact II reflected light microscope fitted
with a microphotometer. One hundred pointecount measurements
were made per sample. The reflectance for each sample was
calculated by averaging the histogram of the reliable data (Waples,
1985; Lee, 1997). Furthermore, the hydrogen index (HI) and pro-
duction index (PI) were calculated using the pyrolysis data
(Table 1).



Fig. 1. Map showing the distribution of tectonic units and profile structural characteristics of the Huizhou depression, PRMB and the location of the Huizhou depression, Pearl River
Mouth Basin.
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Extractable organic matter was obtained by traditional Soxhlet
extraction using chloroform, and further analysed through gas
chromatographyemass spectrometry (GCeMS) to examine the
biomarker geochemistry. The oven temperature was programmed
to go from 80 to 290 �C at 4 �C/min, followed by an isothermal
period of 15 min. Helium was used as the carrier gas. Compounds
were identified by combined gas chromatography/mass spec-
trometry (GC/MS) using an Agilent GC6890 Plus/MS5973 network
system quadrupole instrument using the electron ionization mode
(electron energy 70 eV, ion source temperature 230 �C, scanning
from 20 to 750 Da at 3 scans/s).
3.2.2. Burial history and thermal maturity modelling
Schlumberger's PetroMod (1D) modelling software (version 10)

was used for the reconstruction of the burial and thermal maturity
histories of the studied wells. Subsidence curves were constructed
for the three wells using formation thicknesses and lithologies
assigned from composite well logs (Table 2). The thermal history of
sedimentary basins can be evaluated based on the burial history
and on the heat-flow evolution (Allen and Allen, 1990; Hakimi and
Abdullah, 2015). The heat flow values derived from present-day
geotherms suggest heat flow may currently be 65 mW/m2 in the
northern depression zone (Shi et al., 2003).
3.2.3. Hydrocarbon expulsion modelling
The method used in this study was the hydrocarbon generation

potential model proposed by Pang et al. (2005) (Fig. 3). We used
this model and improved its restoration of the original hydrocarbon
generation potential based on mass balance to calculate the
expelled hydrocarbon quantities.



Fig. 2. Stratigraphic column and source-reservoir-seal assemblage of the Huizhou depression (modified after Xu et al., 2012).
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The (S1þS2)/TOC ratio can be used to reflect the total potential of
expelled hydrocarbons, and is called the hydrocarbon generation
potential index (GPI) (Zhou and Pang, 2002). Hydrocarbon expul-
sion occurs when the hydrocarbon generation potential decreases
(Fig. 3; Pang et al., 2005; Guo et al., 2014), and the corresponding
geological condition is defined as the hydrocarbon expulsion
threshold (Zhou and Pang, 2002; Pang et al., 2005). Before hydro-
carbons begin to be expelled, the hydrocarbon generation potential
index is called the original hydrocarbon generation potential index
(GPIo) (Fig. 3). Here, the original hydrocarbon generation potential
index (GPIo) represents both the hydrocarbon generation potential
of the source rock and the retained hydrocarbons.

When hydrocarbon expulsion occurs, the hydrocarbon genera-
tion potential index decreases. The residual (S1þS2)/TOC ratio is
defined as the residual hydrocarbon generation potential index
(GPIr) (Fig. 3).
Zhong et al. (2004) and Zhou (2009) suggested that the con-
sumption amount of organic matter during hydrocarbon expulsion
does not completely equal the decrease in the TOC. Thus, the re-
sidual hydrocarbon generation potential (GPIr) measured in sam-
ples below the hydrocarbon generation threshold is greater than
the real residual hydrocarbon generation potential (GPIro). The TOC
changes under the influence of both organic matter and inorganic
matter. Therefore, it is necessary to accurately restore the TOC value
to that in the original state at the beginning of hydrocarbon
expulsion using the following equations based on the mass balance
principle.

k ¼ TOCro=TOCr (1)

GPIro ¼ ðS1 þ S2Þ � 100=TOCro (2)



Table 1
Bulk geochemical results of Rock-Eval/TOC analysis and calculated parameters of samples from the WC Formation in the studied wells.

Sample no. Well no. Formation Depth (m) TOC (%) Tmax (�C) S1 (mg HC/g rock) S2 (mg HC/g rock) PI HI (mg HC/g TOC)

1 HZ1 WC 3556.5 0.30 441 0.15 0.54 0.22 180.00
2 HZ1 WC 3562.5 0.27 435 0.1 0.36 0.22 133.33
3 HZ1 WC 3574.5 0.40 436 0.16 0.49 0.25 122.50
4 HZ1 WC 3577.5 0.39 445 0.2 0.72 0.22 184.62
5 HZ1 WC 3582 0.45 443 0.13 0.57 0.19 126.67
6 HZ1 WC 3589.5 0.36 436 0.16 0.58 0.22 161.11
7 HZ1 WC 3595.5 0.35 441 0.11 0.42 0.21 120.00
8 HZ1 WC 3688.5 0.41 438 0.34 0.72 0.32 175.61
9 HZ1 WC 3712.5 0.99 455 0.38 1.1 0.26 111.11
10 HZ1 WC 3745.5 0.44 444 0.17 0.5 0.25 113.64
11 HZ1 WC 3768 2.26 443 1.81 5.14 0.26 227.43
12 HZ1 WC 3805.5 2.59 451 2.21 6.03 0.27 232.82
13 HZ1 WC 3844.5 1.02 449 0.65 1.28 0.34 125.49
14 HZ1 WC 3847 0.76 452 0.18 1.14 0.14 150.00
15 HZ1 WC 3850 2.95 453 2.41 5.9 0.29 200.00
16 HZ1 WC 3859.5 2.16 444 1.06 4.05 0.21 187.50
17 HZ1 WC 3862.5 1.92 450 0.77 3.8 0.17 197.92
18 HZ1 WC 3880.5 3.59 453 2.44 7.42 0.25 206.69
19 HZ1 WC 3883.5 1.98 449 0.77 3.37 0.19 170.20
20 HZ1 WC 3888 2.38 448 1.71 4.38 0.28 184.03
21 HZ1 WC 3892.5 2.64 450 1.3 4.27 0.23 161.74
22 HZ1 WC 3898.5 2.22 450 1.77 4.65 0.28 209.46
23 HZ2 WC 3760.12 0.76 470 0.23 1.02 0.18 134.21
24 HZ2 WC 3768.12 0.46 444 0.13 0.92 0.12 200.00
25 HZ2 WC 3770.12 0.37 419 0.12 0.57 0.17 154.05
26 HZ2 WC 3771.12 0.39 422 0.12 0.64 0.16 164.10
27 HZ2 WC 3774.12 0.55 440 0.14 0.96 0.13 174.55
28 HZ4 WC 3715.5 0.86 450 0.12 0.39 0.24 45.35
29 HZ4 WC 3718.5 0.80 443 0.11 0.78 0.12 97.50
30 HZ4 WC 3721.5 1.70 445 0.20 1.53 0.12 90.00
31 HZ4 WC 3727.5 1.22 448 0.23 1.18 0.16 96.72
32 HZ4 WC 3733.5 1.46 448 0.35 2.18 0.14 149.32
33 HZ4 WC 3733.5 1.72 449 0.54 3.15 0.15 183.14
34 HZ4 WC 3736.5 1.86 451 0.51 2.41 0.17 129.57
35 HZ4 WC 3748.5 1.71 450 0.61 3.44 0.15 201.17
36 HZ4 WC 3754.5 0.99 453 0.28 1.11 0.20 112.12
37 HZ4 WC 3757.5 1.51 449 0.37 2.86 0.11 189.40
38 HZ4 WC 3763.5 2.17 452 0.46 5.02 0.08 231.34
39 HZ4 WC 3766.5 2.89 448 0.69 9.73 0.07 336.68
40 HZ4 WC 3769.5 2.84 462 0.27 6.47 0.04 227.82
41 HZ4 WC 3772.5 3.03 447 0.69 9.20 0.07 303.63
42 HZ4 WC 3772.5 2.69 453 0.45 6.35 0.07 236.06
43 HZ4 WC 3781.5 1.07 448 0.20 1.86 0.10 173.83
44 HZ4 WC 3784.5 1.25 457 0.44 2.01 0.18 160.80
45 HZ4 WC 3787.5 0.52 446 0.47 0.81 0.37 155.77
46 HZ4 WC 3790.5 1.36 449 0.29 2.70 0.10 198.53
47 HZ4 WC 3802.5 1.25 445 0.12 1.28 0.09 102.40
48 HZ4 WC 3826 1.08 447 0.12 1.31 0.08 121.30
49 HZ4 WC 3838.5 1.28 447 0.18 2.81 0.06 219.53
50 HZ4 WC 3856 1.01 445 0.09 1.33 0.06 131.68
51 HZ4 WC 3856.5 1.28 448 0.13 1.79 0.07 139.84
52 HZ4 WC 3874.5 1.47 445 0.18 2.46 0.07 167.35
53 HZ4 WC 3891.5 0.96 446 0.08 1.34 0.06 139.58
54 HZ4 WC 3895.5 0.74 443 0.10 1.23 0.08 166.22
55 HZ4 WC 3907.5 1.13 448 0.12 1.68 0.07 148.67
56 HZ4 WC 3919.5 1.00 446 0.11 1.55 0.07 155.00
57 HZ4 WC 3931.5 0.77 446 0.06 0.93 0.06 120.78
58 HZ4 WC 3946.5 0.70 446 0.07 1.09 0.06 155.71
59 HZ5 WC 3976.0 1.23 438 0.36 2.98 0.11 242.28
60 HZ5 WC 4066.5 0.67 442 0.28 2.11 0.12 314.93
61 HZ5 WC 4096.5 0.89 445 0.38 2.21 0.15 248.31
62 HZ5 WC 4096.5 2.14 455 0.52 2.73 0.16 127.57
63 HZ5 WC 4102.5 1.97 448 0.71 3.71 0.16 188.32
64 HZ5 WC 4132.5 3.24 454 0.47 4.06 0.10 125.31
65 HZ5 WC 4165.5 0.83 464 0.23 0.84 0.21 101.20
66 HZ5 WC 4180.5 2.43 444 0.99 6.41 0.13 263.79
67 HZ5 WC 4195.5 1.96 446 1.04 3.80 0.21 193.88
68 HZ5 WC 4204.5 1.20 473 0.27 1.52 0.15 126.67
69 HZ5 WC 4224.5 1.64 454 0.61 2.03 0.23 123.78
70 HZ6 WC 3312.5 1.32 442 0.19 1.9 0.09 143.94
71 HZ6 WC 3742.5 1.14 442 0.12 1.47 0.08 128.95
72 HZ6 WC 3972.0 1.42 443 0.16 1.99 0.07 140.14
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Table 2
Input data for modelling of depositional and erosional events of studied wells (HZ1, HZ2, and HZ4) in the Huizhou depression.

Age Fm Lithology Deposition age Erosion age Erosion
(m)

Respective wells in the Huizhou depression (see Fig. 1)

HZ1 well HZ2 well HZ4 well

From
(Ma)

To
(Ma)

From
(Ma)

To
(Ma)

Top
(m)

Bottom
(m)

Thickness
(m)

Top
(m)

Bottom
(m)

Thickness
(m)

Top
(m)

Bottom
(m)

Thickness
(m)

Paleocene WS Sandstone and mudstone 5.5 1.8 204.5 672.5 468 200 663 463 180 507 327
Miocene YH Sandstone and mudstone 10 5.5 672.5 948.6 276.1 663 944 281 507 1001.8 494.8

HJ Sandstone and mudstone 16.4 10 948.6 1841.7 893.1 944 1856.3 912.3 1001.8 1889.1 887.3
ZJ Sandstone and mudstone 23.8 16.4 1841.7 2931.6 1089.9 1856.3 2948.3 1092 1889.1 2975.7 1086.6

Oligocene ZH Sandstone 33.9 23.8 2931.6 3347 415.4 2948.3 3386 437.7 2975.7 3367.9 392.2
EP Mudstone 39 35.6 35.6 33.9 75 3347 3576.4 229.4 3386 3538.5 152.5 3367.9 3675.5 307.6Eocene
WC Mudstone 49 41.4 41.4 39 370 3576.4 3918 341.6 3538.5 4040 501.5 3675.5 3859.2 183.7

Table 3
Random vitrinite reflectance (Ro%) for 22 WC samples in Huizhou depression.

Sample no. Well no. depth(m) TOC(wt%) Ro(%)

5 HZ1 3582.0 0.45 0.730
8 HZ1 3688.5 0.41 0.714
10 HZ1 3745.5 0.44 0.720
14 HZ1 3847.0 0.76 0.725
16 HZ1 3859.5 2.16 0.740
17 HZ1 3862.5 1.92 0.760
19 HZ1 3883.5 1.98 0.730
20 HZ1 3888.0 2.38 0.730
21 HZ1 3892.5 2.64 0.770
22 HZ1 3898.5 2.22 0.760
23 HZ2 3760.1 0.76 0.700
25 HZ2 3770.1 0.37 0.710
27 HZ2 3774.1 0.55 0.720
29 HZ4 3718.5 0.8 0.681
37 HZ4 3757.5 1.51 0.739
39 HZ4 3766.5 2.89 0.751
44 HZ4 3781.5 1.25 0.723
63 HZ5 4102.5 1.97 0.774
68 HZ5 4204.5 1.20 0.781
70 HZ6 3312.5 1.32 0.656
71 HZ6 3742.5 1.14 0.726
72 HZ6 3972.0 1.42 0.754
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GPIr ¼ ðS1 þ S2Þ � 100=TOCr (3)

where k is the restoration coefficient; TOCro is the real residual TOC
value of hydrocarbon expulsion (%); TOCr is the remaining TOC
value measured in the samples (%).
Fig. 3. Operational models for the quantification of hydrocarbon
Combining Eqs. (1)e(3), we obtain the following Eq. (4):

GPIro ¼ GPIr=k (4)

Therefore, the key to the improved hydrocarbon generation
potential method is the proper organic matter abundance (TOC)
restoration. The organic matter abundance (TOC) in a source rock is
controlled by the qualities of both the source rock and organic
matter. According to the mass balance principle, the residual
organic carbon quantity is equal to the original organic carbon
quantity of the rock minus the sum quantity of the organic carbon
taken away by the expelled hydrocarbons and the organic carbon
generating carbon dioxide (CO2). The restoration coefficient can be
calculated by the following Eq. (5):

k ¼ 1� 0:83� GPIr=1000
1� 0:83� GPIo=1000

(5)

where k is the restoration coefficient; 0.83 is the average carbon
content in the hydrocarbons (Burnham,1989; Guo et al., 2014); GPIr
is the remaining hydrocarbon generation potential index (mg HC/g
TOC); PGIo is the hydrocarbon generation potential index at the
expulsion threshold (mg HC/g TOC).

The real residual hydrocarbon generation potential GPIro can be
calculated using a combination of Eqs. (4) and (5):

GPIro ¼ 1� 0:83� GPIo=1000
1� 0:83� GPIr=1000

� GPIr (6)

The hydrocarbon generation potential index at the hydrocarbon
generation and expulsion (modified from Pang et al., 2005).
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expulsion threshold is the maximum hydrocarbon generation ca-
pacity (qhg) (mg HC/g TOC) of the source rock. The difference be-
tween the hydrocarbon generation potential index at the
hydrocarbon expulsion threshold and the real residual hydrocar-
bon generation potential index is the hydrocarbon expulsion ca-
pacity (qhe) (mg HC/g TOC), which is the hydrocarbon expelled per
unit of organic carbon since the source rock passed the hydrocar-
bon expulsion threshold. The vitrinite reflectance corresponding to
the hydrocarbon expulsion threshold is called Rot. When Ro in-
creases after the hydrocarbon expulsion threshold, there is a cor-
responding increase in the hydrocarbon expulsion rate (rhe). The
hydrocarbon expulsion rate (rhe) at a certain Ro value (Roc) is the
derivative of the hydrocarbon expulsion capacity (qhe) at Roc (Eq.
(7)). The hydrocarbon expulsion intensities (Ihe) of a certain source
rock can be calculated using the following Eq. (8):

rheðRoÞ ¼
dqhe
dRo

(7)

Ihe ¼
ZRo

Rot

qheðRoÞ � h� r� TOCðRoÞ � dðRoÞ (8)

Then, the hydrocarbon expulsion quantities (Qhe) can be calcu-
lated using the following Eq. (9):

Qhe ¼ Ihe � S ¼
ZRo

Rot

qheðRoÞ � h� S� r� TOCðRoÞ � dðRoÞ (9)

where Qhe is the hydrocarbon expulsion quantity at the maturity of
Ro (t), qhe(Ro) is hydrocarbon expulsion ratio at the maturity of Ro
(mg/g), Ro is vitrinite reflectance (%), h is the source rock thickness
(m), r is source rock density (g/cm3), TOC is total organic content
calculated from TOC isopach maps (%) and S is the source rock area
(m2).
4. Results

4.1. TOC content and rock-eval pyrolysis

TOC content and Rock-Eval pyrolysis results are presented in
Table 1. TOC contents vary between 0.27 and 3.59 wt %, and have an
average of 1.39 wt %. S1 values vary between 0.06 and 2.44 mg HC/g
rock and have an average of 0.48 mg HC/g rock. S2 values vary
between 0.76 and 9.73 mg HC/g rock and an average of 2.52 mg HC/
g rock. HI values vary between 45.4 and 337 mg HC/g TOC and have
an average of 167.6 mg HC/g TOC. Tmax values vary between 419 �C
and 473 �C and have an average of 447 �C. PI values vary between
0.04 and 0.37 with an average of 0.16.
4.2. Organic geochemistry

Ratios of different biomarkers were calculated and used for the
interpretation of depositional environment and thermalmaturity of
the studied rock succession. The abundance of short chain n-al-
kanes (nC14 � nC19) similar with long chain n-alkanes (nC27 � nC31)
is seen in all analysed samples (Fig. 4). Calculated terrigenous/
aquatic ratios, TAR ¼ (nC27 þ nC29 þ nC31)/(nC15 þ nC17 þ nC19)
(Peters et al., 2005) vary between 0.85 and 1.49 (Table 4). Pristane/
phytane (Pr/Ph) ratios range from 1.11 to 2.47 (Table 4). Pr/nC17 and
Ph/nC18 range from0.448 to 0.784, from0.207 to 0.566, respectively,
and the Pr/nC17 and Ph/nC18 ratios are plotted in Fig. 5. Identified
steranes and hopanes are listed in Table 4. The sterane/hopane ratio
of the samples from the Huizhou depression ranges from 0.13 to
0.39 (Table 4). The gammacerane/C30-hopane ratio of the samples
ranges from 0.04 to 0.14 (Fig. 4 and Table 4).

5. Discussion

5.1. Geological and geochemical characteristics of source rocks

5.1.1. Source rock distribution
All thewells are located on themargins of sags (Fig.1c) and thus,

the source rock thickness estimations from thewells underestimate
the source rock distribution and thickness. In addition to the well
data, structural isoline maps of both top and bottom WC formation
were incorporated in this study to better describe the source rock
distributions and thickness variations (Fig. 6).

Source rocks in the H26 sag, X24 sag, X23 sag, H21 sag and H24
sag are well developed, with the thickness ranging approximately
from 400 to 2000 m. The thicknesses in the other sags range
approximately from 200 to 800 m (Fig. 7). The source rocks on the
HeL uplift are thinner, with thickness ranging approximately from
0 to 600m. No source rock has been discovered in the northwestern
part of this uplift. There are no WC source rocks found in the HeX
uplift.

5.1.2. Source rock sedimentary environment
Low Pristane/Phytane values (<1) indicate reducing deposi-

tional environments, while values >1 denote the progressive in-
crease of oxygen content, up to ratios >3 that represent terrestrial
matter input under pure oxidizing conditions (Peters et al., 1999,
2005; Obermajer et al., 2010; Aali and Rahmani, 2011; Oppo et al.,
2013). The intermediate Pr/Ph ratio from 0.8 to 2.5 indicates weak
oxidationeweak reduction environments and it cannot be regarded
as a definite indicator of the depositional environment (Powell and
McKirdy, 1973; Volkman and Maxwell, 1986; Powell, 1988; Amane
and Hideki, 1997; Peters et al., 1999; Oppo et al., 2013). The mod-
erate Pr/Ph ratios (1.12e2.02) as well as the Pr/nC17 and Ph/nC18
ratios (Fig. 5) of the WC formation suggest that the WC organic
matter was deposited in a weak oxidationeweak reduction envi-
ronment (Bou Daher et al., 2015).

The low sterane and low sterane/hopane ratio are indicative of
terrigenous and/or microbially reworked organic matter (e.g. Tissot
and Welte, 1984; Peters and Moldowan, 1993). The sterane/hopane
ratio of the samples from the Huizhou depression ranges from 0.13
to 0.39 (Table 3), indicating that the WC formation depositional
environment was isolated from marine conditions, and was prob-
ably a lacustrine basin. The n-alkane (0.85 < TAR<1.49) shows a
dominance of terrestrial organic matter over marine organic matter
(Table 3). Gammacerane is a marker for a stratified water column
during source rock deposition, commonly associated with elevated
salinity (Sinninghe Damst�e et al., 1995; Peters et al., 2005). The
gammacerane/C30-hopane ratio of the samples ranges from 0.04 to
0.14 (Table 3), indicating that the salinity of the WC formation
sedimentary environment was low.

5.1.3. Type of organic matter
The organic matter type can be characterized based on pyrolysis

and HI analysis. Generally, Type I and Type II1 kerogen commonly
possess HI values of more than 300 mg HC/g TOC derived from
lacustrine and marine source rocks (e.g. Nicholas et al., 2004;
Hakimi et al., 2012a,b; Hakimi and Abdullah, 2013), whereas Type
II2 kerogens are comprised of materials with HI values higher than
200 mg HC/g TOC. Source rocks with HI values lower than 200 mg
HC/g TOC mainly contain type III kerogens. Based on pyrolysis data,
kerogen classification diagrams were constructed to determine the
kerogen type and maturity (e.g. Tissot and Welte, 1984;



Fig. 4. Gas chromatograms of WC samples. (a, b) HZ4, 3748.5 m, mudstone, samples No. 35, (c,d) HZ5, 3976 m, mudstone, sample No. 59, and (e, f) HZ6,3972.0 m, mudstone, sample
No. 72.
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Mukhopadhyay et al., 1995). Most of the WC samples plot in the
mature zone of Type II1 and Type II2 kerogen, with small amounts of
Type I and Type III kerogen (Fig. 8a). Samples with burial depth
above 3500 m contain Type II2 kerogen. Samples with burial depth
between 3500 m and 4000 m mainly contain Type II1 and Type II2
kerogen, while samples with burial depth below 4000 m mainly
contain Type II1 kerogen (Fig. 8b).
5.1.4. Source rock generative potential
The generative potential of the WC formation was evaluated

using total organic carbon content (TOC wt%) and pyrolysis S2
yields (Table 1). Peters (1986) and Peters and Cassa (1994) rated
source rocks with a TOC of less than 0.5 as poor source rocks, 0.5e1
as fair source rocks, 1e2 as good source rocks, 2e4 as very good
source rocks and more than 4 as excellent source rocks. All the WC



Fig. 4. (continued).
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samples possess low to high TOC content (0.27e3.59 wt%) with an
average of 1.39 wt%. 83.5% of the samples contain organic carbon
content greater than 0.5 wt%. This demonstrates that the WC for-
mation is an effective source rock with fair to good generative
potential (Table 1 and Fig. 9), which is consistent with Li et al.
(2013). Furthermore, the TOC isolines of the Huizhou depression
from Shi (2013) showed that the WC has fair to excellent hydro-
carbon generation potential (Fig. 10). The amount of hydrocarbon
yield (S2) generated during pyrolysis is a useful indicator of the
generation potential of source rocks (Peters,1986; Bordenave,1993;
Peters and Cassa, 1994). The hydrocarbon yields (S2) of the samples
in this study range from 0.36 to 9.73 mg HC/g rock, with an average
of 2.50 mg HC/g rock (Table 2). The hydrocarbon yields (S2) agree
with the TOC content, indicating that the WC formation has fair to
good source rockegenerative potential (Fig. 11).

5.1.5. Thermal maturity
The thermal maturity of organic matter in the WC formation

was evaluated using parameters such as vitrinite reflectance (Ro),
pyrolysis Tmax and production index (PI) (Peters et al., 2005)



Fig. 4. (continued).

Table 4
Biomarker intensities and ratios of the samples in the WC formation, Huizhou depression. (Pr ¼ pristane; Ph ¼ phytane; TAR ¼ Terrigenous Aquatic Ratio).

Well no. Gammacerane C30-hopane Sterane Hopane Gammacerane/C30-hopane Sterane/hopane Pr/Ph Pr/nC17 Ph/nC18 TAR

HZ4 262278 1836701 1600545 8670110 0.14 0.18 2.02 0.66 0.31 1.13
HZ5 1341909 11966681 16608886 42678368 0.11 0.39 1.12 0.78 0.57 1.49
HZ6 2928606 76927709 66667881 515955789 0.04 0.13 1.67 0.45 0.21 0.85
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(Table 1, Figs. 12 and 13). The thermal maturities for oil and gas
generation occur when Ro ranges from 0.5% to 1.0% and from 1.4% to
3.5% respectively, with varying organic matter type (Tissot and
Welte, 1984; Espitali�e, 1985; Tissot et al., 1987; Bordenave, 1993).
Thermogenic oil is often generated when Ro values exceed 0.6% for
Type I and Type II kerogen (Bordenave, 1993). This is consistent
with the Ro values of the WC samples, which range from 0.656% to
0.781% (Fig. 12).



Fig. 5. Plot of Pr/nC17 vs. Ph/nC18 for selected WC samples indicating weak oxida-
tioneweak reduction depositional conditions.
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The pyrolysis Tmax and PI were determined for all the analysed
WC samples (Table 1). The WC formation has pyrolysis Tmax and PI
in the range of 419e473 �C and 0.04e0.37 respectively. 66 of the 72
samples are in the main stage of hydrocarbon generation, indi-
cating that most of the WC source rocks are thermally mature
(Figs. 8 and 13). Pr/nC17 and Ph/nC18 ratios plotted in Fig. 5 indicate
the WC formation are early mature to mature.
5.2. Hydrocarbon expulsion characteristics of source rocks

5.2.1. Timing of hydrocarbon generation
Thermogenic oil is thought to be generated from source rocks at

vitrinite reflectance values between 0.5% and 1.3%, suggest oil-
generation window (Tissot and Welte, 1984; Sweeney and Burnham,
1990; Bordenave, 1993), while samples with values less than 0.5%
are considered thermally immature. Vitrinite reflectance greater than
1.3% indicates gaswindowmaturity (Tissot andWelte,1984). TheWC
source rocks in the Huizhou depression have a TOC value of
0.27e3.59wt%,with anaverageof1.39wt%,while thematurity ranges
from 0.656% to 0.793% Ro, indicating that conditions for hydrocarbon
generation and expulsion are present. We constructed the burial
history of the HZ1, HZ2 and HZ4wells (Fig.1c) using one dimensional
basinmodelling (Sweeney and Burnham,1990) with the depositional
age, thickness, and erosion for the formations, which are penetrated
by the studiedwells (Table 2). The burial history of the studiedwells is
very similar (Fig.14), and these similar burial histories should produce
amuchmore similarobservedmaturityprofilewith thesameregional
heatflowhistory studied by Shi et al., 2003. Subsequently,we inferred
thethermalhistoryof theWCformation intheHZ1,HZ2andHZ4wells
together with the burial history we constructed, measured Ro and
geothermal gradient data from well drilling repots (Figs. 14 and 15).
There is a good match between optically measured (symbols) and
calculated (lines) vitrinite reflectance (Ro) (Fig. 15). This calibration
data helped us to reconstruct and validate the thermal history in the
study area. The detailed maturity history of WC source rocks for the
representativewellsHZ1,HZ2 andHZ4helps us to determine the time
when source rocks passed through the oil window. According to the
vitrinite reflectance (% Ro) data and its best-fit calibration with the
calculated maturity in the one-dimensional model (Fig. 15), the WC
formation became mature in the Middle Miocene, when the tem-
perature of the WC formation increased to approximately 80e90 �C
and the vitrinite reflectance (Ro) increased to approximately 0.5%, at
the depth of 2300e2500 m (Fig. 13). Since the middle Miocene, the
thermal maturity gradually increased, with the formation tempera-
ture increasing from 80 to 90 �C tomore than 120 �C and the thermal
maturity evolving from 0.5% to 1.0% Ro. The source rocks were in the
mature stage with large amounts of oil generated since the middle
Miocene. Using the combined information from core samples, one
dimensionalburialhistorysimulationsandthestructural isolineof the
WC formation, we constructed a present vitrinite reflectance (Ro)
distributionmap for theWC formation (Fig. 16). The inferred thermal
maturity is controlledby the tectonic framework in thedepression.On
the margins of the depression in the southwest of the study area, the
sourcerocksaremature tohighlymaturewithRo from0.6%to1.2%and
large oil generation amounts. Correspondingly, the source rocks in the
centre of each sag are mainly highly mature to post mature, with Ro
from 1.2% to 2.1% and gas generation at present (Fig. 16).
5.2.2. Hydrocarbon expulsion model
The hydrocarbon generation threshold in the Huizhou depres-

sion is 0.5% Ro, which is consistent with previous studies (e.g. Tissot
and Welte, 1984; Tissot et al., 1987) (Fig. 17a). The hydrocarbon
expulsion threshold is 0.8% Ro, and the original hydrocarbon gen-
eration potential index (GPIo) of theWC source rocks is 380 mg HC/
g TOC (Fig. 17a). Once the hydrocarbon expulsion threshold was
reached, the residual hydrocarbon generation potential index, as
measured from the samples, decreased. The measured GPIr can be
calculated using Eq. (10). Then, the restoration coefficient, the real
residual hydrocarbon generation potential index (GPIro), the hy-
drocarbon expulsion capacity (qhe) and the hydrocarbon expulsion
rate (rhe) can be calculated and expressed using Eqs. (11)e(14),
respectively. The hydrocarbon expulsion capacity (qhe) increased
rapidly in the early period and then slowed in the later stage
(Fig. 17b). The expulsion peak, at which the hydrocarbon expulsion
rate was the greatest, occurred at 1.1% Ro (Fig. 17c). As the degree of
thermal evolution of source rocks increases, the hydrocarbon
expulsion efficiency, which is the percentage of hydrocarbon
expulsion to the maximum hydrocarbon generation potential, in-
creases from 0 to 75% (Fig. 17d).

GPIr ¼ 504:5e
�
�

Ro�0:2499
1:078

�2

; Ro � 0:8

R2 ¼ 0:9748
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�
�
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�2
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k
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qhe ¼ GPIo � GPIro ¼ 380� 504:5e
�
�

Ro�0:2499
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rhe ¼
dqhe
dRo

¼ 1148:34ðRo � 0:2499Þe
�
�

Ro�0:2499
1:078

�2

�
1:303� 0:546e

�
�

Ro�0:2499
1:078

�2�2
(14)

where, GPIr is the remaining hydrocarbon generation potential
index (mg HC/g TOC); PGIo is the hydrocarbon generation potential



Fig. 6. Coutour map of (a) top and (b) bottom of the WC formation.
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Fig. 7. The isopach map of WC formation in the Huizhou depression.

Fig. 8. Plot of Hydrogen Index (HI) versus pyrolysis Tmax (a) according to the well and (b) according to the depth, showing kerogen quality and thermal maturity stages of the WC
formation.
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index at the expulsion threshold (mg HC/g TOC); Ro is vitrinite
reflectance (%); k is the restoration coefficient; GPIro is the real
residual hydrocarbon generation potential index (mg HC/g TOC);
qhe is the hydrocarbon expulsion capacity (mg HC/g TOC); rhe is the
hydrocarbon expulsion rate (mg HC/g TOC).

5.2.3. Hydrocarbon expulsion intensity and amount
The regional hydrocarbon expulsion intensities were calculated

using Eqs. (4) and (5) and the regional variations of the source rock
characteristics and thermal maturity illustrated previously
(Figs. 7e17). Thermally mature source rocks occur mainly in the
structural sags, including the H26 sag, X24 sag, H21 sag, H08 sag
and H10 sag (Fig. 18). The calculated maps indicate that all the WC
source rocks have reached the expulsion threshold, with seven
hydrocarbon expulsion centres (the H26 sag, H21 sag, X24 sag, X23
sag, H08 sag, H14 sag and H24 sag). The greatest hydrocarbon
expulsion intensity, 104� 106 t/km2, occurs in the H26 Sag (Fig. 18).
The expulsion intensities in the H21 sag, X24 sag, X23 sag are lower,
with their respective greatest expulsion intensities being 71 � 106,
62 � 106 and 53 � 106 t/km2.

The differences in hydrocarbon expulsion intensity are
controlled by the combination of thermal maturation, thickness
and organic matter abundance in the WC source rock formation.
The cumulative amounts of hydrocarbon expulsion were obtained
by integrating the hydrocarbon expulsion intensity curves (Eq. (9)).
The total expelled hydrocarbon quantities are 690.1 � 108 t.

5.3. Significance for hydrocarbon accumulation

The geological and geochemical characteristics of theWC source
rocks in the Huizhou depression were investigated, and an
improved mass balance approach was proposed to evaluate the



Fig. 9. Histogram showing the TOC contents of WC source rocks.

Fig. 11. Pyrosis S2 versus Total organic carbon (TOC) plot showing generative source
rock potential for the WC formation in the Huizhou depression.
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hydrocarbon expulsion intensity and amounts in this article. Oils
are discovered in the WC formation of the HZ3 well during the
explorationwith flow rate of 26m3/d, whichwas collected from the
well drilling report from the China National Offshore Oil Corpora-
tion Limited-Shenzhen. This indicates that the WC formation has
favourable source potential for hydrocarbon accumulation. This
kind of self generation-self accumulation resource maybe largely
distributed, especially in the centre of the depression. Besides, all
the wells in this study are located on the margins of sags (Fig. 1c)
and thus, parameters of the WC source rocks (e.g. thickness) are
underestimated. Compared with the calculated volumetric result,
the real hydrocarbon resources may be much larger. In summary,
WC formation has great potential for hydrocarbon generation and
expulsion. Hydrocarbon accumulations can occur without long
distance for migration, forming unconventional resources (e. g.
Fig. 10. Coutour map of TOC distribution of WC formation in the Huizhou dep
tight oil, shale oil). It makes theWC formation themain exploration
target in the future, without the economic consideration.
6. Conclusions

A conventional and systematic evaluation of the WC source
rocks in the Huizhou depression, Pearl River Mouth basin (PRMB)
was conducted for the first time. The WC source rocks are widely
distributed, with a large thickness (mostly thicker than 200m, with
a maximum thickness greater than 1000 m) and were deposited in
a lacustrine weak oxidationeweak reduction sedimentary envi-
ronment with low salinity. The source rocks have low to high
ression, Pearl River Mouth Basin (contour values in wt.%) (after Shi, 2013).



Fig. 12. Plot of vitrinite reflectance (Ro) versus burial depth.
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organic matter abundance (TOC mainly ranges from 0.27 to 3.59 wt
%, with an average of 1.39 wt%) dominated by II1etype and II2etype
kerogen, resulting in significant hydrocarbon generating strength
under middleehigh thermal evolution (Ro mainly ranges from
0.65% to 1.2% on the margins of sags and greater than 1.2% in the
centre of sags). All the results show that the WC source rocks have
significant hydrocarbon generation potential.

The hydrocarbon generation timing of the WC source rocks was
evaluated by one dimensional basin modelling using data from the
HZ1, HZ2 and HZ4 wells. The hydrocarbon expulsion characteristics
including expulsion intensity, efficiency and quantities were
investigated using an improved hydrocarbon generation potential
methodology. The results indicate that the source rocks became
mature (Ro ¼ 0.5%) in the early Miocene and began to generate
hydrocarbons. They reached the hydrocarbon expulsion threshold
Fig. 13. Plot of pyrolysis Tmax versus production index (PI), showing the maturation
and nature of the hydrocarbon products of the WC formation.
at 0.8% Ro and the hydrocarbon expulsion rate was the greatest at
1.1% Ro. The expulsion intensities in the H26 sag, H21 sag, X24 sag
and X23 sag are relatively large, with their respective greatest
expulsion intensities being 104 � 106, 71 � 106, 62 � 106 and
53 � 106 t/km2. The comprehensive hydrocarbon expulsion
Fig. 14. Burial history by one dimensional basin modelling of the WC source rocks in
the Huizhou depression (a. HZ1 well; b. HZ2well; c. HZ4 well).



Fig. 15. Vitrinite reflectance evolution by one dimensional basin modelling of the WC source rocks in the Huizhou depression (a. HZ1 well; b. HZ2well; c. HZ4 well).

Fig. 16. Ro distribution of the WC formation in the Huizhou depression, PRMB (contour values in %).
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Fig. 17. Operational model for the quantification of hydrocarbon generation and expulsion of the WC source rocks in the Huizhou depression.

Fig. 18. Recent hydrocarbon expulsion intensity of WC source rocks in the Huizhou depression (contour values in � 106 t/km2).
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efficiency was approximately 75%. The hydrocarbon quantities
expulsed from the WC source rocks are 690.1 � 108 t.
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