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Abstract: Coals developed in the Oligocene Yacheng and Lingshui formations in the Qiongdongnan
Basin have high organic matter abundance, and the dark mudstones in the two formations have reached
a good source rock standard but with strong heterogeneity. Through the analysis of trace elements,
organic macerals and biomarkers, it is indicated that plankton has made little contribution to Oligocene
source rocks compared with the terrestrial higher plants. The organic matter preservation depends on
hydrodynamics and the redox environment, and the former is the major factor in the study area. During
the sedimentary period of the Yacheng Formation, tidal flats were developed in the central uplift zone,
where the hydrodynamic conditions were weak and the input of terrestrial organic matter was abundant.
So the Yacheng Salient of the central uplift zone is the most favorable area for the development of source
rocks, followed by the central depression zone. During the sedimentary period of the Lingshui Formation,
the organic matter input was sufficient in the central depression zone due to multiple sources of sediments.
The semi-enclosed environment was favorable for organic matter accumulation, so high quality source
rocks could be easily formed in this area, followed by the Yacheng salient of central uplift zone. Source
rocks were less developed in the northern depression zone owing to poor preservation conditions.
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1 Introduction

The formation of excellent marine source rocks depends
on the living environment of the original source organisms
and favorable preservation conditions for organic matter, and
these factors are controlled by a good matching relationship
of paleoproductivity, hydrodynamic and redox conditions,
paleoclimate and sedimentation rate (Zhang et al, 2005;
Chen et al, 2006). Among these factors, paleoproductivity
and preservation conditions (including hydrodynamic and
redox conditions) are much more important. Since the 1980s,
there has been debate on whether the high organic matter
abundance in marine sedimentary strata is dependent on
preservation conditions or on production. Those who hold the
former view believe that organic matter accumulates when
the bottom water conditions are anoxic, and it has nothing
to do with biologic productivity (Tyson, 1987; Tyson and
Pearson, 1991). While others consider that organic matter
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can accumulate at the water column with high biologic
productivity, and it is the water depth rather than the dissolved
oxygen that influences the abundance of organic matter
(Calvert and Pedersen, 1992). However, in continental margin
basins, the terrestrial organic matter input is also a significant
factor influencing the formation of marine source rocks. For
example, rift basins along the Atlantic Ocean where excellent
marine source rocks formed were mainly located below the
estuary of big rivers, and the big rivers and delta offered a
good material base for the development of source rocks (Zhou
et al, 2007; Li et al, 2012; Deng, 2012).

The present crude oil and gas in the Qiongdongnan
Basin are mainly from transitional facies source rocks of
the Oligocene Yacheng Formation (Dong and Huang, 2000;
Huang et al, 2002; Chen et al, 2005; Xiao et al, 2006; Zhu et
al, 2009; Li et al, 2011; Huang et al, 2012). Marine source
rocks developed in the Lingshui Formation can also serve as
gas source rocks and may have certain oil generation potential
(Li et al, 2011). However, heterogeneity of source rocks is
common in the study area, and the controlling factors are
complex. There is still no relevant research on the controlling
factors of Oligocene source rocks, which severely restricts
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the understanding of their hydrocarbon generation potential.
Here we discuss the formation environment of source rocks
in the Oligocene Yacheng and Lingshui formations through
the analysis of paleoproductivity, terrestrial organic matter
input, hydrodynamic and redox conditions, thus revealing
the main controlling factors of source rocks in the research
areca. We will eventually propose the developmental models
of source rocks from the Yacheng and Lingshui formations
in the Qiongdongnan Basin in order to provide an improved
geological and geochemical basis for oil and gas exploration
of northern South China Sea.

2 Geological background

The Qiongdongnan Basin stretching northeastward lies
in the northwest continental margin of the South China Sea,
which is located between Hainan Island and Xisha Islands.
The basin is limited by four faults (Nos. 1, 5, 11, 12) and
the area is about 3x10* km’. The western part of the basin is
adjacent to the Yinggehai Basin, the northern part borders the
Hainan Uplift, the southeastern part is adjacent to the Xisha-
Zhongsha uplifts and the eastern part is adjacent to the Zhu
II Depression in the Pearl River Mouth Basin (Fig. 1) (Hu,
2005). The basin evolution and fill share many similarities
with passive continental margin basins (Gong et al, 2011),
characterized by a typical double-layer structure. The lower
structural layer formed in rifting period consists of Eocene,

and Yacheng and Lingshui formations in Oligocene. During
this period, the sedimentary facies changed from lacustrine
to transitional facies characterized by coal-bearing deposition
and marine deposits. In addition, multiple sags and uplifts
developed in the lower structure layer. The upper structural
layer formed in the post-rifting period is characterized by
marine Neogene and Quaternary strata. The upper structural
layer has weak deformation and small fault activities.
The base of the Qiongdongnan Basin consists of igneous,
metamorphic and sedimentary rocks of Tertiary. The filling
sequences of the basin are mainly Tertiary and Quaternary,
which can be divided into the Eocene, Oligocene Yacheng
and Lingshui formations, Miocene Sanya, Meishan and
Huangliu formations, Pliocene Yinggehai Formation, and
Quaternary from bottom to top (Fig. 2). Three sets of source
rocks were developed in different sedimentary environments,
and they are Eocene lacustrine mudstones (although there are
no drilling wells, the seismic profile reveals the lacustrine
deposition), Oligocene marine source rocks (including
transitional facies source rocks in the Yacheng Formation and
marine source rocks in the Lingshui Formation) and Miocene
marine source rocks.

3 Analytical samples and methods

Source rock samples from the Yacheng and Lingshui
formations were provided by CNOOC. 200 g samples were
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Fig. 1 The structural location of the Qiongdongnan Basin (Hu, 2005)
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Fig. 2 Comprehensive stratigraphic column of the Qiongdongnan Basin

weighed and crushed to 80 mesh for total organic carbon and
pyrolysis analysis, some of the samples were used for maceral
analysis. The samples with TOC (total organic carbon)>1%
were chosen for extraction, and then were separated by
chromatographic columns. The extracts were evaporated,
deasphaltened with n-hexane, and then separated through
column chromatography using silica gel and alumina (3:1)
into the saturated, aromatic and polar fractions by n-hexane,
dischloromethane and n-hexane (2:1, v:v), and chloroform
and ethanol (1:1, v:v) as elution solvents, respectively.
The saturated and aromatic fractions were analyzed by gas
chromatography-mass spectrometry (GC-MS). The GC-MS
analyses were performed on a Thermo-Finnigan Trace-DSQ
equipped with an HP-5MS (60 m x 0.25 mm X 0.25 um)
fused silica capillary column, operating in full scan modes.
The GC-MS conditions were split injection at 300 °C, helium
(99.999% purity) as carrier gas, and oven temperature initially
at 50 °C for 1 min, programmed at 20 °C/min to 120 °C, then

at 3 °C/min to 310 °C and held at this temperature for 25
min. The mass spectrometer was operated in the EI (electron
impact) mode at 70 eV with a total scan range.

4 Hydrocarbon generation potential
analysis of Oligocene source rocks in the
Qiongdongnan Basin

The average values of TOC of coals and carbonaceous
mudstones in the Yacheng Formation are respectively 53%
and 8%, and the average values of RockEval pyrolysis
data (S,+S,) are 94 mg/g and 16 mg/g respectively (Table
1), which indicates high hydrocarbon generation potential.
Mudstones in the Yacheng Formation also have favorable
hydrocarbon generation potential with an average TOC
value and (S,+S,) of 1.0% and 0.8 mg/g respectively. In the
Lingshui Formation, coals have high hydrocarbon generation
potential and the marine source rocks also have reached a
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good source rock standard. The organic matter types of the
source rocks in the Yacheng and Lingshui formations are
mainly IL-III with high pyrolysis peak temperature (>430
°C) and low hydrogen index (HI). The transitional facies
source rocks in the Yacheng Formation (including coal and
mudstone) are the major source rocks in the Qiongdongnan

Basin due to the high hydrocarbon generation potential. The
neritic mudstones in the Lingshui Formation are slightly
worse than the mudstones in the Yacheng Formation, but still
reach a good source rock standard, which can serve as an
important secondary source rock in the Qiongdongnan Basin.

The properties of the Oligocene mudstones in the

Table 1 Some geochemical parameters of Oligocene source rocks in the Qiongdongnan Basin

Formation Lithology TOC, % S,+S,, mg/g Iy, mg/g Tax> °C
Dark mudstone 0.24-5.25 0.01-11.10 19-286 362-471
. . . 0.79 (41) 0.94 (41) 52 (79) 446 (79)
Lingshui Formation

Coal 70.9-95.93 91.66-170.60 231 (1) 446 (1)

83.42(2) 131.13 (2)
Dark mudstone 0.20-4.38 0.01-6.58 15-265 383-468
0.97 (41) 0.81(38) 80 (59) 443 (59)
Yacheng Formation Carbonaceous mudstone 68319 4;9(3)0 71660(;54(:)2 f;—‘Z(lSS) ‘:5519_??)2
Coal 32.37-81.3 13.40-155.40 28-264 427-456
53.04 (9) 94.11 (9) 167 (10) 456 (10)

Qiongdongnan Basin are complex. Four exploratory wells
(YC13-1-2, YC19-1-1, YC21-1-1 in the shallow area and
LS4-2-1 in the deep area of central depression zone) from
coast area to neritic sea have been chosen in this paper. The
results show that the organic matter abundance of the source
rocks decreases at first and then begins to increase, and the
variation of source rocks in the Yacheng Formation differs
substantially from that in the Lingshui Formation (Fig. 3).
High quality source rocks of the Yacheng Formation are
mainly distributed within the Yacheng Salient, and YC13-1-2
reveals that the source rocks in the Yacheng Formation have a
high TOC value, with an average of 3.4%. The organic matter
abundance decreases significantly with increasing depth, and
YC21-1-1 reveals that the average TOC is only 0.5%. When
the depth increases to the relatively deep water area (such as
the central depression zone), the organic matter abundance
starts to increase, and LS4-2-1 reveals that the average
value of TOC is 1.3%. For the source rocks in the Lingshui
Formation, the central depression zone is the best zone where
high quality source rocks were developed, and LS4-2-1 shows
that the average of TOC is 2.4% in the Lingshui Formation,
followed by the Yacheng Salient (Fig. 3).
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Fig. 3 The distribution characteristics of organic matter abundance
of Oligocene source rocks from the coast area to neritic sea in the
Qiongdongnan Basin

5 The main controlling factors of Oligocene
source rocks in the Qiongdongnan Basin

5.1 Paleoproductivity

It is suggested by Calvert (1987) that high organic
matter abundance of marine sediments is the result of high
productivity. It can cause an anoxic bottom water environment.
A series of geochemical parameters were utilized to evaluate
ocean paleoproductivity. Dymond et al (1992) and Francois
et al (1995) independently gave a primary productivity
formula by analyzing the amounts of Ba. Murray et al (2000)
proposed to analyze qualitatively paleoproductivity by using
Al/Ti, but this index suits an area with low terrigenous
material input. Tyrrell (1999) discussed the effect of
phosphorus and nitrogen on ocean primary productivity and
proposed that some organic bodies can obtain nitrogen from
atmosphere when the content of nitrogen decreases, while
there is no other way to supply phosphorus when phosphates
are exhausted. The changing concentration of phosphates will
affect the concentration variation of nitrate, so it is believed
that phosphorus determines the primary productivity capacity
and P/Ti is often used to estimate paleoproductivity (Murray
et al, 2000). In addition, Ni and Cu are also the indicators of
the paleoproductivity (Piper and Perkins, 2004; Naimo et al,
2005).

The input of terrestrial organic matter had a significant
effect on Oligocene source rocks in the Qiongdongnan Basin,
so P/Ti is chosen to reveal the paleoproductivity and we
discuss the contribution of lower hydrobionts to source rocks.
The values of P/Ti and TOC are not correlated in the Yacheng
Formation source rocks and have a negative correlation in the
Lingshui Formation (Fig. 4), which indicates that the lower
hydrobiont input has no effect on the quality of source rocks.
The P/Ti values of source rocks in the Yacheng and Lingshui
formations are respectively 0.07-0.19 and 0.13-0.23, with the
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average of 0.11 and 0.16, which is close to the average P/Ti
value (0.12) in Post Archean Average Shale (PAAS) (Taylor
and McLennan, 1985) but is lower than that of average
pelagic clay (0.33) and far below that (2-8) associated
with regions of high productivity in the equatorial Pacific
Ocean (Murray and Leinen, 1993; 1996). The P/Ti value
of source rocks in the Lingshui Formation is a little higher
than that in the Yacheng Formation while the organic matter
abundance is significantly lower (Fig. 4), which indicates
that the productivity is rather low and planktons have made
little contribution to the Oligocene source rocks. The major
source is terrigenous higher plants, while during the period of
Lingshui Formation, the contribution of lower hydrobionts to
source rocks increases due to expansion of transgression.
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Fig. 4 The cross plot showing the correlation between TOC and P/Ti
values of Oligocene source rocks in the Qiongdongnan Basin

5.2 Terrestrial organic matter input

Organic macerals are commonly studied to understand
hydrocarbon generation characteristics of source rocks, and
this is a significant method to identify the heterogeneity
and organic compositions of source rocks (Teichmiiller,
1986). Kerogen macerals can reflect both the type and the
contribution of organic matter. Exinite and sapropelinite are
hydrogen-rich macerals which are apt to generate oil while
vitrinite has potential to generate gas. In the study area,
kerogen is mainly composed of vitrinite and inertinite (more
than 60%) in the source rocks of the Yacheng Formation
while exinite and sapropelinite are less than 40% (Fig. 5). The
types of kerogen are mainly II, and III, and the organic matter
of source rocks is mainly from terrestrial higher plants. In the
source rocks of the Lingshui Formation, the kerogen is mainly
composed of vitrinite. The contents of vitrinite are 40%-80%
in most of samples (some even more than 90%), with exinite
about 20%-50% and a little sapropelinite. The kerogen is
type I, and IIT and is mainly contributed by terrestrial higher
plants. It is noted that heterogeneity is obvious in kerogen of
source rocks due to different sedimentary environments (Fig.
5), that is, the source of organic matter is determined by the
sedimentary environment.

0 0.2 0.4 0.6 0.8 1
Sapropelinite + Exinite

# Lingshui Formation @ Yacheng Formation

Fig. 5 Triangle chart of relative contents of kerogen compositions
of Oligocene source rocks in the Qiongdongnan Basin

As terrestrial higher plants are the main source of organic
matter in the study area, the input of terrestrial organic matter
is the major controlling factor in the Oligocene sources rocks
in the basin. Biomarkers are widely used to assess the origin
of organic matter, and some biomarker parameters are used
to discuss the relationship between terrestrial organic matter
input and organic matter abundance of the source rocks in this
paper.

Oleananes were first found in Nigerian petroleum
(Whitehead, 1974), and then these compounds have been
found in oils and late Mesozoic-Cenozoic source rocks
in many other basins in the world, such as the Gippsland
Basin (Philp and Gilbert, 1986), Taranaki Basin (Killops et
al, 1994; 1995), Yinggehai Basin and Beibuwan Basin of
northern South China Sea (Hao et al, 1998; Li et al, 2008).
Due to its origin from angiosperms, oleanane is often used
to mark the source input and geological age (Moldowan et
al, 1994). Although the abundance of oleananes cannot fully
reflect the terrestrial plant contribution of the organic matter,
the oleanane/C;,hopane ratio is often used to estimate the
contribution from higher plants. In the study area, there is a
positive correlation between TOC and the oleanane/C;,hopane
ratio (Fig. 6(a)), which indicates that the input of higher
plants controls the organic matter abundance of the Oligocene
source rocks in the Qiongdongnan Basin.

Huang and Meinschein (1978) proposed to determine the
type of organic matter input by using the relative contents of
C,,-C,, regular steranes. The C,,/C,, value of regular steranes
is adopted to determine the contribution of terrestrial higher
plants to the source rocks in the Qiongdongnan Basin. The
values of the ratio in most samples are less than 0.60 (Fig.
6(b)), implying a high content of terrestrial organic matter
input. There is a negative correlation between TOC and the
C,,/C,, value, so it implies that higher plants input determines
the organic matter abundance of the Oligocene source rocks
in the basin.
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5.3 Organic matter preservation

5.3.1 Hydrodynamic condition

Organic matter preservation is influenced by
hydrodynamic conditions. The value of Zr/Rb is often used to
indicate the hydrodynamic conditions. Weak hydrodynamics
conditions are favorable for organic matter preservation. High
quality marine source rocks develop under the wave base
with little disturbance (Qin et al, 2009). The TOC content in
Oligocene source rocks shows a negative correlation with
the hydrodynamic condition parameter Zr/Rb value in the
Qiongdongnan Basin, which reveals that the hydrodynamic
conditions control the development of the marine source
rocks (Fig. 7).
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Fig. 7 The cross plot showing the correlation between TOC and Zr/Rb
values of Oligocene source rocks in the Qiongdongnan Basin

5.3.2 Redox condition

The values of U/Th and Ni/Co are commonly used to
determine redox conditions. Tenger et al (2005) divided the
redox conditions into three types according to U/Th and
Ni/Co values: anoxic environment (U/Th>1.25, Ni/Co>7),
suboxic environment (U/Th value from 0.75 to 1.25; Ni/
Co value from 5 to 7), oxic environment (U/Th<0.75, Ni/
Co<5). The U/Th and Ni/Co values of the Oligocene source
rocks are respectively below 0.75 and 5 in the Qiongdongnan
Basin, and there is no correlation between TOC and these
parameters. It indicates that the source rocks were developed
in an oxygen-rich environment with little influence of redox
conditions (Fig. 8(a), (b)).

6 Controlling factors of source rocks
in different structural zones of the
Qiongdongnan Basin

The input of terrestrial organic matter and hydrodynamic
conditions are the major factors controlling the development
of the Oligocene source rocks in the Qiongdongnan Basin.
We try to indicate the developmental regularity of source
rocks by analyzing the two factors in different structural
zones of the study area.

6.1 The comparison of terrestrial higher plants input
of source rocks in different structural zones

Exploratory well LS4-2-1 intersects the Yacheng
Formation in the central depression zone of the Qiongdongnan
Basin, and there is no relevant data on organic macerals. In
this paper, we choose wells YC13-1-3, YC19-1-1 and YC21-
1-4 from north (coast area) to south (neritic sea) to discuss
the input of higher plants by analyzing the macerals of source
rocks (Fig. 9). From coast area to neritic sea, the content of
sapropelinite has an increasing trend while the content of
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vitrinite and inertinite decreases. It indicates that the input
of higher plants decreases. In the central depression zone,
the amount of terrestrial organic matter is high, and well
LS4-2-1 with high organic matter abundance in the Yacheng
Formation is good evidence (Fig. 3). It is largely because
Hainan Island and the southern uplift zone provided relatively
abundant organic matter in the sedimentary period of the
Yacheng Formation (Yao et al, 2008).

In the sedimentary period of the Lingshui Formation, the
content of sapropelinite in the source rocks decreases while
the content of vitrinite and inertinite increases gradually
from the northern depression zone to the central depression
zone (Fig. 10). It implies that terrestrial higher plants instead
of plankton control the development of source rocks. The

period of the Yacheng Formation, the source rocks in the
northern depression zone and central uplift zone were
developed in tidal flat and lagoon environments with low Zr/
RbD values showing weak hydrodynamic conditions (Fig. 11).
It indicates favorable organic matter preservation. The source
rocks in the central depression zone were mainly developed
in a littoral-neritic sea environment with relatively strong
hydrodynamic conditions, implying unfavorable preservation
condition compared with the northern depression zone.
During the sedimentary period of the Lingshui Formation, the
source rocks in the northern depression zone were developed
in a littoral-neritic environment with relatively strong
hydrodynamic conditions, indicating poor organic matter
preservation. The source rocks in the central uplift zone were
developed in a coastal plain environment with the calmest
hydrodynamic conditions, showing the most favorable
organic matter preservation. The average value of Zr/Rb in
the Yacheng Formation is significantly lower than that in
the Lingshui Formation. It shows that the hydrodynamic
conditions of the Yacheng Formation are relatively weak, and
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the organic matter preservation is better. It explains why the
organic matter abundance of the source rocks in the Yacheng
Formation is better than that in the Lingshui Formation.

7 Developmental model of Oligocene source
rocks in the Qiongdongnan Basin

7.1 Developmental model of source rocks of the
Yacheng Formation

During the sedimentary period of the Yacheng Formation,
source rocks in the northern depression zone were mainly
developed in delta, tidal flat and lagoon environments
where there was abundant terrestrial organic matter. A delta
environment, with strong hydrodynamic conditions, is not
favorable for the development of source rocks. Source
rocks in the central uplift zone were developed in a tidal flat
environment which was beneficial for coal formation, and the
Yacheng Salient was the most favorable place. Because the
transgression was weak, source rocks in the central depression
were mainly developed in a littoral-neritic environment with
relatively strong hydrodynamic and oxidative conditions,
resulting in poor organic matter preservation. The supply
of sediments from the uplift of Hainan Island reduced but
organic matter was obtained from the southern uplift zone,
so source rocks with good hydrocarbon potential were also
formed in the central depression zone (Fig. 12).
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‘ Delta‘ Lagoon-tidal flat \ Lagoon \

'Yanan Depression

Tidal flat

7.2 Developmental model of source rocks of the
Lingshui Formation

During the sedimentary period of the Lingshui Formation,
the scope of marine facies continued to expand. The basin
had a littoral-neritic environment and partially fan delta.
Source rocks in the northern depression zone were developed
in littoral-neritic environment with strong hydrodynamic
conditions and an oxidative environment, resulting in poor
organic matter preservation. This is not favorable for the
development of source rocks. Source rocks in the central
uplift zone were developed in a coastal plain environment
with good conditions for organic matter accumulation,
especially in the Yacheng Salient area, where source rocks
have a rather high hydrocarbon potential with abundant
terrestrial organic matter input. Source rocks in the central
depression zone were developed in neritic facies, where
the input of terrestrial organic matter is abundant owing to
multiple supplies of sediments. The semi-enclosed system
was beneficial for the development of marine source rocks
(Fig. 13).

8 Conclusions

1) Source rocks in the Oligeocene Yacheng and Lingshui
formations are the major source rocks in the Qiongdongnan
Basin, but heterogeneity of the source rocks is strong in
different sedimentary environments. Source rocks are mainly
controlled by the input of terrestrial organic matter and
hydrodynamic conditions.

2) During the sedimentary period of the Yacheng
Formation, source rocks in the central uplift zone were
developed in tidal flat environment with abundant terrestrial
organic matter input and weak hydrodynamic conditions.
The central uplift zone is the most favorable zone for the
development of source rocks, especially the area of Yacheng
Salient. The central depression zone is also suitable for the
development of source rocks owing to the terrestrial organic
matter provided by the Hainan Island and southern uplift
zone.

)

Uplift region %Ledong Depression%—

Littoral-neritic sea

With weak hydrodynamic | Relatively weak|With weak hydrodynamic
conditions and relatively | hydrodynamic | conditions and relatively

oxidative environment,
ample higher plants input,
beneficial to coal formatiol input

conditions and | oxidative environment,
higher plants ample higher plants input,
good for coal formation

With relatively strong hydrodynamic conditions, relatively
abundant higher plants input due to the two provenances
of Hainan Uplift and the southern uplift zone

Fig. 12 Developmental model of source rocks of the Yacheng Formation in the Qiongdongnan Basin
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Uplift
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‘ PYabei Depression—

Delta| Littoral-neritic sea \C;Zisr:al\Littoral-neritic sea| Coastal plain|

Yanan Depression

S

Uplift region %Ledong Depression%—

Neritic sea ‘

With strong hydrodynamic |Beneficial to
conditions and a relatively organic
oxidative environment, higher|
plants input mainly

With a relatively
her plants input,

burial |rock development

Wit | Ample terrestrial
)ﬂgiatlve environment, .orgatnlc Imtattelr
matter m'«gvo,ame to sourct g(','l,%“d,gigr{)’;i’c',n provenances of Hainan Uplift and the southern uplift
conditions

With relatively weak hydrodynamic conditions, while
relatively abundant higher plants input due to the two

zone, beneficial to source rock formation

Fig. 13 Developmental model of source rocks of the Lingshui Formation in the Qiongdongnan Basin

3) During the sedimentary period of the Lingshui
Formation, the input of terrestrial organic matter was
sufficient in the central depression zone, and the semi-
enclosed system was favorable for organic matter
accumulation. High quality marine source rocks formed in the
central depression zone. Source rocks were also developed
in the Yacheng Salient of the central uplift zone due to the
abundant terrestrial organic matter and weak hydrodynamic
conditions.
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