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A B S T R A C T

The organic geochemistry of the Paleogene-aged second and first members of the Kongdian Formation (Ek2 and
Ek1) and the third member of the Shahejie Formation (Es3) in the Cangdong sag, Bohai Bay Basin, China, are
characterized and the hydrocarbon generating potential is evaluated. The Ek2 source rocks have a good to very
good oil-generating potential, as indicated by the high abundance and good quality of organic matter within a
mature stage. Although the Ek1 mudstones have entered the oil window, they are organic lean and are dom-
inantly composed of Type III kerogen. Accordingly, the Ek1 mudstones are considered to be poor source rocks.
The Es3 member is thermally mature and contains several intervals that have high contents of good-quality
organic matter (mixed Type I and II kerogens), suggesting that these intervals also have a good potential for oil-
generation. Given this potential, new exploration plays sourced from the Es3 member could be possible in the
Cangdong sag. Biomarker distributions in the Ek2 and Es3 source rocks are both characterized by a dominance of
medium- to high-molecular-weight n-alkanes (n-C18 to n-C29), a low sterane/hopane ratio, and a low diasterane
abundance. The Ek2 samples have low Pr/Ph ratios (< 1.0), relatively high gammacerane/C30 hopane ratios
(> 0.1) and β-carotane, trace amounts of C30 4α-methyl-24-ethlycholestanes, and a predominance of C29 regular
steranes. Collectively, these characteristics indicate that abundant prokaryotic biomass mixed with some terri-
genous organic matter was deposited under reducing conditions within a stratified water column. In contrast, the
Es3 source rocks are characterized by variable Pr/Ph ratios, low gammacerane and β-carotane, comparable C27

and C29 regular steranes, and relatively high C30 4α-methyl-24-ethlycholestanes. These properties indicate that
the Es3 source rocks contain significant contributions from prokaryotic and algal sources, and were deposited
under reducing to suboxic conditions within a relatively less stratified water column.

1. Introduction

The Cangdong sag is one of the most petroliferous regions within the
Huanghua sub-basin, of the Bohai Bay Basin, China, where seven con-
ventional oilfields, including two big oilfields (i.e., Zaoyuan and
Wangguantun; with reserves> 1×108 tons), have been discovered
(Ge et al., 2012; Xu et al., 2016). The basic geological and geochemical
characteristics of the Cangdong sag have been previously documented
(e.g., Li et al., 2006; Liu et al., 2010; Ge et al., 2012; Li et al., 2012; Liu
and Jia, 2014; Xu et al., 2015; Pu et al., 2016). Specifically, the second
member (Ek2) of the Kongdian (Ek) Formation, and the third and first

member (Es3 and Es1) of the Shahejie (Es) Formation, were evaluated as
potential source rock intervals. The Ek2 member has previously been
regarded as the primary source rock in the region, as it is organic rich
with the largest thickness and most extensive distribution. Additionally,
the Ek2 member has a higher thermal maturity than either of the Es
members, and preliminary oil-source rock correlations support the Ek2
member as the primary source rock in the region (Liu, 2008). As such,
previous regional petroleum exploration has focused on the Ek2
member, while the Es Formation remains relatively unexplored, except
for a few studies on the quantity, type, and thermal maturity of the
organic matter in these potential source rocks (e.g., Liu et al., 2010; Ge
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et al., 2012; Xu et al., 2015). Indeed, minimal data on the molecular
composition of organic matter has been reported with the exceptions of
Ge et al. (2012) who observed slight pristane over phytane (Pr/Ph)
predominance and predominate C29 regular steranes in the Ek source
rock, and Xu et al. (2015) who observed low Pr/Ph ratios (< 1.0) for
the Ek2 source rocks.

The recent expansion of petroleum exploration to the Es Formation
of the Cangdong sag has provided a rare opportunity to investigate the
hydrocarbon potential and detailed biomarker distributions of this
formation in order to elucidate the organic matter source and deposi-
tional characteristics. In this study, geochemical pyrolysis analyses
were performed to re-evaluate the hydrocarbon generating potential of
the Ek2, Ek1, and Es3 members and provide a detailed assessment of
new biomarker data generated for the potential source rocks. This work
provides a critical assessment of the source rock potential, differences
in organic matter sources and depositional environments across dif-
ferent source rock intervals, and diagnostic biomarker characteristics.
The results may provide valuable information for future oil exploration
in the Cangdong sag.

2. Geological setting

The Cangdong sag, which covers an area of 1.5× 103 km2, is lo-
cated in the southern part of the Huanghua sub-basin of the Bohai Bay
Basin (Fig. 1a–c). This northeast-trending sag is bounded by the Xuxi
fault to the east, Cangdong fault to the west, Kongdian uplift to the
north, and the Dongguang uplift to the south (Fig. 1c). The Cangdong
sag can be divided into five distinct tectonic units, i.e., the (i) Kongdian
tectonic belt, (ii) Shenvsi fault belt, (iii) Kongdong slope, (iv) Kongxi
slope and (v) Nanpi slope (Fig. 1c; Pu et al., 2016).

The Cangdong sag underwent a syn-rift stage during the Paleogene
and has been in a post-rift stage since the Neogene. From bottom to top,
the stratigraphy consists of the Paleogene Ek, Es, and Dongying (Ed)
formations, the Neogene Guantao (Ng) and Minghuazheng (Nm) for-
mations, and the Quaternary Pingyuan (Qp) Formation (Fig. 1d). The
Ek Formation unconformably overlies Mesozoic strata and is separated
from the overlying Es Formation by another unconformity (Wang et al.,
1987; Han, 2009). The Paleogene Ek, Es, and Ed Formations are each
further subdivided into three respective members based on lithological
changes. Stratigraphically from bottom to top the members are termed:
Ek3, Ek2, and Ek1; Es3, Es2, and Es1; and Ed3, Ed2, and Ed1, respectively
(Fig. 1d). The detailed lithologies of each member have been previously
described by Qu et al. (2008), so we focus on providing a detailed
geochemical description of the following intervals:

(1) The 400–600m thick Ek2 member deposited during the time of
maximum flooding, which mainly consists of grayish-black shale
intercalated with light-gray siltstone and dolomite.

(2) The 1200–1500m thick Ek1 member, which has been further sub-
divided into six oil groups (Z0–ZV). From top to bottom the oil
groups can be delineated as: Z0 and ZI near the top of Ek1 that
consist of thick, dark gypsum and red or green mudstones, respec-
tively. Underlying these are the ZII, ZIII, ZIV, and ZV oil groups that
are hosted in high-quality glutenite reservoirs.

(3) The 200–400m thick Es3 member, the lower section of which is
mainly composed of glutenite and arkose sandstones, while the
middle and upper sections of the Es3 member are characterized by a
thick dark gray mudstone.

3. Samples and methods

Seventy-four core and cutting samples, obtained from nine wells
(Fig. 1c) were used in this study. The samples include 35 from the Ek2
member, 18 from the Ek1 member, and 21 from the Es3 member (Table
S1, Supplementary data). To remove contamination, the samples were
washed with deionized water, and then cleaned with a 9:1

dichloromethane methanol mixture (CH2Cl2:CH3OH). The samples
were finely ground (< 100mesh) for programmed pyrolysis, total or-
ganic carbon (TOC) analysis, and Soxhlet extraction. Pyrolysis analyses
were performed using an OGE rock pyrolyzer yielding results similar to
the traditional Rock-Eval pyroanalyzer, including free hydrocarbons
(S1, mg HC/g rock), hydrocarbons generated by the decomposition of
kerogen during pyrolysis (S2, mg HC/g rock), and the temperature at
maximum S2 generation (Tmax, °C). For determination of the TOC
content, ~100mg of each sample was decalcified with 5% HCl and
analyzed on a Leco CS230 Determinator. Vitrinite reflectance (Ro, %)
measurements were conducted on 12 samples (Table S1). The Ro

measurements (random, oil immersion) were performed using a Leica
DM4000M reflected light microscope equipped with a 25× objective
and the Diskus Fossil System (Hilgers Technisches Büro, Germany) and
using standard procedures (Stach et al., 1982; Taylor et al., 1998).

Owing to the small size of most samples, a subset of 17 were se-
lected for biomarker analysis (Tables S1 and 1). The powdered samples
were extracted for 72 h with chloroform using a Soxhlet apparatus. The
extractable organic matter was then dried and weighed (Table 1). Ali-
quots of the extracts (12.4–90.1 mg) were precipitated with excess n-
hexane. After filtration through pre-extracted cotton wool, the maltenes
were fractionated into aliphatic and aromatic fractions and polar
compounds by column chromatography over activated silica gel and
alumina (Cheng et al., 2016). The aliphatic hydrocarbons were ana-
lyzed by gas chromatography (GC) and gas chromatography–mass
spectrometry (GC–MS). The GC analysis was performed using an HP
6890N GC equipped with a 30m×0.25mm i.d. (film thicknesses
0.25 μm) HP-5ms capillary column. The starting temperature of the
oven was 50 °C and increased to 100 °C at 20 °C/min, and then the
temperature was increased from 100 °C to 310 °C at 3 °C/min with a
final hold for 20min. The GC–MS analyses were conducted using an HP
5973 mass selective detector coupled to an HP 6890 GC. The instru-
mental methodology for the GC–MS analysis has been previously
documented in detail by Cheng et al. (2016).

4. Results

4.1. Bulk geochemical compositions

The TOC (%), hydrocarbon generative potential (S1+ S2, mg HC/g
rock), hydrogen index (HI, mg HC/g TOC), temperature of the max-
imum pyrolysis yield (Tmax, °C) and vitrinite reflectance (Ro, %) data for
the Es3, Ek1 and Ek2 units are detailed in Table S1, Figs. 2 and 3. The
TOC contents of the Ek2 samples range from 0.50 to 7.66%, with an
average of 2.39%. The S1+ S2 and HI values of the Ek2 samples range
from 2.0 to 58.7 mgHC/g rock and from 68 to 882mgHC/g TOC, re-
spectively, while Tmax values for these samples range from 440 to
450 °C. The Ek1 member is characterized by low TOC, S1+ S2, and HI
values that are< 0.46%, 0.56mgHC/g rock, and 176mg HC/g TOC,
respectively. The Tmax values for this member have a wide range
(322–600 °C) due to the low S2 value (0.01–0.38mgHC/g rock). The
overlying Es3 samples show variable TOC values, ranging from 0.28 to
3.92%, but TOC values are generally> 1.0%. The S1+ S2 values of the
Es3 samples vary between 0.40 and 28.70mgHC/g rock, indicating a
strong potential for hydrocarbon generation. Hydrogen index values of
the Es3 samples are also highly variable and range from 105 to
719mgHC/g TOC, while Tmax values cluster between 434 and 440 °C.

4.2. n-Alkanes, acyclic isoprenoids and β-carotane

The representative gas chromatograms for the aliphatic fractions of
the Ek2 and Es3 samples are shown in Fig. 4. The carbon number of the
n-alkanes ranges from C15 to C37, with maxima between n-C18 and n-
C27, and significant clustered around n-C21–n-C23. The n-alkanes display
a unimodal distribution with a predominance of medium to high mo-
lecular weight compounds (n-C18–n-C29). A slight odd over even n-
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alkane predominance in the C23–C29 region was observed for all sam-
ples, hence, they have high Carbon Preference Index (CPI) values
(Table 1). The exceptions are samples from the GD14 well that are more
thermally mature (see Discussion below). Pristane and Phytane are
relatively abundant in all the samples (Pr/n-C17 and Ph/n-C18; Table 1
and Fig. 5), except for the GD14 samples. The Pr/Ph ratios for the Ek2
samples have indices with a range in values from 0.42 to 0.57 for the
Z56 and N18 samples and from 0.86 to 1.04 for the GD14 samples. The
Es3 samples have Pr/Ph values ranging from 0.70 to 2.34 (Table 1). A
minor amount of β-carotane was observed and confirmed by GC–MS
(m/z 125, not shown) in the Ek2 samples from the Z56 and N18 wells
(Fig. 4); whereas, only trace amounts of β-carotane were detected in the
other samples. The ratios of β-carotane/n-C37 are provided in Table 1.

4.3. Steranes and diasteranes

Fig. 6a and b highlight significant differences in the sterane dis-
tributions between Ek2 and Es3 samples. The C29 steranes predominate
over the C27 and C28 homologues in the Ek2 samples. In contrast, the Es3
mudstones are dominated by C27 and C29 5α(H),14α(H),17α(H)-20R
(ααα-20R) steranes and C30 ααα-20R 4α-methyl-24-ethylcholestane

(C30 4-M; Fig. 6a and b). These observations can be clearly visualized in
a cross-plot of C27/C29 ααα-20R sterane vs. C30 ααα-20R 4α-methyl-24-
ethylcholestane/C29 ααα-20R sterane (C27/C29 sterane vs. C30 4-M/C29

sterane; Fig. 7), and a ternary diagram of C27–C29 ααα-20R steranes
(Fig. 8). Trace amounts of diasteranes, quantified by the ratio of C27

diasteranes/C27 regular steranes (Table 1), were detected in all samples
(Fig. 6a). The C29 steranes isomerization ratios [20S / (20S+ 20R) and
ββ / (ββ+ αα); Seifert and Moldowan, 1986] are also provided in
Table 1.

4.4. Terpanes

Relative to the 17α(H),21β(H)-hopanes, tricyclic terpanes are pre-
sent in all samples at low concentrations, as shown by the m/z 191 mass
chromatograms (Fig. 6c). However, based on the greater tricyclic ter-
pane/αβ-hopane ratios (TT/H), the tricyclic terpane contents are
slightly higher in the GD14 samples than other samples (Table 1). In all
samples, the tricyclic terpanes are dominated by the C21 homologue,
followed by the C23 or C20 homologues (Fig. 6c). The C22TT/C21TT
ratios for the Ek2 and Es3 rocks range from 0.09–0.24 and 0.14–0.22,
respectively. The C24TT/C23TT ratios for the Ek2 and Es3 rocks are in

Fig. 1. Location of the Bohai Bay Basin (a), the Cangdong Sag within the Bohai Bay Basin (b), structural units of the Cangdong Sag and the location of wells sampled
here (c), and a generalized stratigraphy of the Cangdong Sag (d).
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the ranges of 0.58–0.63 and 0.48–0.51, respectively; while the C26TT/
C25TT ratios for the Ek2 and Es3 rocks vary from 1.38–2.46 and
0.69–1.67, respectively (Table 1).

Both the Ek2 and Es3 samples contain C27 to C35 αβ-hopanes
(without the C28 homologue) with dominant C30 αβ-hopane (C30H).
The abundance of the C31–C35 homohopanes decreases with increasing
carbon number, as shown by the m/z 191 mass chromatograms
(Fig. 6d). Compared with the Es3 samples, the Ek2 samples contain
lower amounts of C29 and C30 βα-hopanes (C29M and C30M, respec-
tively), C29H, and homohopanes; this is especially evident in the Ek2
samples from wells Z56 and N18. These observations are highlighted by
the ratios of C30M/C30H, C29H/C30H and C31H/C30H (Table 1). The C31

αβ-homohopane isomerization ratios (22S / (22S+22R)) fall in the
range of 0.47–0.57 (Table 1), and most of these ratios are approxi-
mately the equilibrium values (0.57–0.62; Seifert and Moldowan,
1980). Both 18α(H)-22,29,30-trisnorneohopane (Ts) and 17α(H)-
22,29,30-trisnorhopane (Tm) were identified in all samples with varied
abundances (Fig. 6d). The Ts / (Ts+Tm) ratio (Seifert and Moldowan,
1978) ranges from 0.22–0.58 and 0.04–0.34 for the Ek2 and Es3 sam-
ples, respectively (Table 1). Gammacerane was detected in all samples,
and the amount of gammacerane varies relative to the C30 αβ-hopane
(Fig. 6d). Generally, the gammacerane/C30 αβ-hopane ratios (Ga/C30H)
are greater in Ek2 samples (0.11–0.45) than in Es3 samples (0.07–0.09)
(Table 1, Fig. 10).

Table 1
Organic and biomarker data for selected samples from the Cangdong sag, Bohai Bay Basin.

Well Depth
(m)

Formation TOC
(%)

CPI Pr/Ph Pr/n-C17 Ph/n-C18 β-carotane/n-
C37

C27

(%)
C28

(%)
C29

(%)
C27/C29 4-M/C29 diaC27/C27 C29

S / (S+R)
C29

ββ / (ββ+ αα)

G97 2844.60 Es3 2.81 1.34 1.01 0.80 0.48 0.51 39 30 31 1.29 1.07 0.15 0.27 0.24
G97 2864.72 Es3 0.34 1.63 0.91 0.96 0.33 0.42 30 19 51 0.58 0.24 0.20 0.32 0.25
G75 2863.28 Es3 0.21 1.75 0.70 0.22 0.20 0.13 37 16 47 0.78 0.36 0.20 0.22 0.22
G75 2893.65 Es3 1.00 1.52 2.34 1.44 0.55 0.50 38 22 40 0.94 0.97 0.34 0.20 0.17
W24 2954.05 Es3 1.59 1.36 1.99 0.73 0.39 0.24 28 33 39 0.73 0.38 0.17 0.18 0.20
Z56 2405.30 Ek2 4.26 1.19 0.57 0.65 0.78 2.01 15 33 53 0.28 0.13 0.09 0.33 0.33
Z56 2490.16–2490.53 Ek2 1.78 1.97 0.55 1.48 2.53 3.32 16 25 60 0.27 0.05 0.05 0.07 0.15
Z56 2493.84 Ek2 1.80 1.47 0.54 0.84 1.35 5.46 15 30 55 0.26 0.14 0.04 0.07 0.20
N18 2983.99 Ek2 2.27 1.57 0.56 1.46 2.39 2.79 15 29 55 0.28 0.04 0.05 0.14 0.20
N18 2988.63 Ek2 2.33 1.51 0.42 0.99 2.26 1.42 17 31 52 0.33 0.06 0.05 0.15 0.20
GD14 4096.84–4098.58 Ek2 0.73 1.09 1.04 0.16 0.14 0.13 11 33 56 0.19 0.10 0.21 0.52 0.49
GD14 4103.59–4105.29 Ek2 5.85 1.16 1.03 0.13 0.12 0.28 12 31 57 0.22 0.06 0.22 0.51 0.50
GD14 4110.14–4111.98 Ek2 3.07 1.13 0.87 0.14 0.15 0.28 10 34 56 0.18 0.06 0.14 0.52 0.50
GD14 4117.09–4118.87 Ek2 0.50 1.16 0.86 0.21 0.21 0.17 12 39 49 0.25 0.08 0.13 0.53 0.54
GD14 4124.21–4126.07 Ek2 2.01 1.16 0.91 0.22 0.22 0.33 13 37 50 0.26 0.07 0.11 0.54 0.53
GD14 4130.29–4132.07 Ek2 1.32 1.20 0.92 0.19 0.20 0.60 12 41 47 0.26 0.05 0.06 0.53 0.52
GD14 4137.61–4138.26 Ek2 1.00 1.17 0.93 0.27 0.27 1.54 12 39 48 0.25 0.07 0.00 0.53 0.52

Well Depth
(m)

Stratigraphy TOC
(%)

C22TT/
C21TT

C24TT/
C23TT

C26TT/
C25TT

TT/H Sterane/
hopane

C30M/
C30H

C29H/
C30H

C31H/
C30H

C31R/
C30H

Ts/
(Ts+ Tm)

C31

S / (S+R)
Ga/C30H

G97 2844.60 Es3 2.81 0.17 0.51 1.24 0.04 0.73 0.19 0.57 0.44 0.20 0.32 0.55 0.07
G97 2864.72 Es3 0.34 0.16 0.50 0.76 0.11 0.21 0.43 1.12 0.94 0.41 0.07 0.57 0.09
G75 2863.28 Es3 0.21 0.22 0.49 0.69 0.09 0.08 0.71 1.40 0.69 0.30 0.04 0.57 0.07
G75 2893.65 Es3 1.00 0.14 0.50 1.30 0.02 0.26 0.28 0.64 0.65 0.28 0.30 0.57 0.07
W24 2954.05 Es3 1.59 0.18 0.48 1.67 0.01 0.45 0.19 0.62 0.59 0.27 0.34 0.55 0.08
Z56 2405.30 Ek2 4.26 0.21 0.62 1.62 0.04 0.23 0.13 0.29 0.22 0.10 0.30 0.57 0.11
Z56 2490.16–2490.53 Ek2 1.78 0.09 0.60 2.46 0.04 0.28 0.16 0.28 0.21 0.11 0.25 0.47 0.30
Z56 2493.84 Ek2 1.80 0.09 0.60 2.07 0.03 0.37 0.14 0.28 0.16 0.08 0.22 0.47 0.21
N18 2983.99 Ek2 2.27 0.08 0.60 2.18 0.03 0.23 0.14 0.30 0.18 0.09 0.28 0.53 0.14
N18 2988.63 Ek2 2.33 0.10 0.59 2.23 0.03 0.21 0.11 0.19 0.12 0.05 0.33 0.54 0.10
GD14 4096.84–4098.58 Ek2 0.73 0.23 0.60 1.61 0.14 0.21 0.12 0.50 0.56 0.25 0.58 0.55 0.18
GD14 4103.59–4105.29 Ek2 5.85 0.22 0.58 1.26 0.16 0.18 0.13 0.46 0.50 0.22 0.58 0.56 0.17
GD14 4110.14–4111.98 Ek2 3.07 0.23 0.58 1.56 0.23 0.21 0.13 0.48 0.45 0.20 0.51 0.57 0.25
GD14 4117.09–4118.87 Ek2 0.50 0.23 0.60 1.54 0.30 0.29 0.12 0.46 0.46 0.20 0.55 0.56 0.24
GD14 4124.21–4126.07 Ek2 2.01 0.24 0.63 1.64 0.23 0.29 0.12 0.50 0.43 0.19 0.50 0.55 0.23
GD14 4130.29–4132.07 Ek2 1.32 0.23 0.59 1.51 0.25 0.32 0.11 0.48 0.40 0.18 0.49 0.56 0.36
GD14 4137.61–4138.26 Ek2 1.00 0.23 0.60 1.38 0.21 0.36 0.11 0.53 0.35 0.16 0.45 0.56 0.45

CPI: carbon preference index.
Pr/Ph: pristane/phytane.
C27 (%), C28 (%), and C29 (%): the relative percentage of the C27, C28, and C29 5α, 14α, 17α, 20R steranes.
C27/C29: C27/C29 5α, 14α, 17α, 20R sterane.
4-M/C29: C30 5α, 14α, 17α, 20R 4α-methyl-24-ethylcholestane/C29 5α, 14α, 17α, 20R sterane.
diaC27/C27: C27 diasteranes/C27 regular steranes.
C29 S / (S+R): C29 5α, 14α, 17α sterane 20S / (20S+20R).
C29 ββ / (ββ+ αα): C29 regular sterane ββ / (ββ+αα).
TT: tricyclic terpane.
TT/H: C19–26 tricyclic terpanes/C29–35 αβ-hopanes.
Sterane/hopane: C27–29 regular steranes/C29–35 hopanes.
C30M/C30H: C30 mortane/C30 17α-hopane.
C29H/C30H: C29 17α-hopane/C30 17α-hopane.
C31H/C30H: C31 (22S+22R) 17α-hopane/C30 17α-hopane.
C31R/C30H: C31 22R 17α-hopane/C30 17α-hopane.
C31 S / (S+R): C31 homohopane 22S / (22S+ 22R).
Ga/C30H: gammacerane/C30 17α-hopane.
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5. Discussion

5.1. Hydrocarbon potential

The hydrocarbon source potential generally depends on the quan-
tity, quality, and thermal maturity of organic matter in the source rock
(Tissot and Welte, 1984; Peters and Cassa, 1994; Katz, 2005; Abdullah
et al., 2017; Ardakania et al., 2017). This, in turn, can be assessed by
either TOC measurements or pyrolysis indicators for the hydrocarbon
generation potential (e.g., S1+ S2 values in Table S1). The quality, or
type, of organic matter in a source rock exerts a direct control on the
properties, composition, and scale of hydrocarbon generation during
thermal maturation (Tissot and Welte, 1984). In this study, the type of
organic matter was determined based on HI values (Table S1). A source
rock that contains an adequate amount of organic matter can generate
hydrocarbons only after reaching a certain level of thermal maturity
(Peters and Cassa, 1994; Wu et al., 2014). This can be assessed using Ro,
Tmax, and various biomarker parameters. A cross-plot of TOC vs.
S1+ S2 (Fig. 2) indicates that the Ek1 samples are organic lean, and
have poor source rock potential (Peters and Cassa, 1994). The organic
richness of the Es3 samples varies significantly, and implies a range in
source rock potential from poor to very good. The Ek2 samples, how-
ever, are generally more organic rich and collectively have very good
hydrocarbon-generation potential.

The relationship between the HI and Tmax is also commonly used for
classifying the type and maturity of a source rock (Tissot and Welte,
1984; Peters, 1986; Peters and Cassa, 1994; Mukhopadhyay et al.,
1995), and Fig. 3 indicates that the Ek1 samples all contain Type III
kerogen. The Tmax data for the Ek1 rocks, however, are unreliable given
their low S2 values (0.01–0.38mgHC/g rock) (Peters, 1986) and hence,
they were not used for assessing source rock maturity. The Ro values
(0.71–0.81%; Table S1) indicate that the Ek1 rocks are in the early stage
of oil generation. Variations in the HI values suggest that the Es3
samples may be classified as Type I–II kerogen (Fig. 3). The Tmax values
suggest that the Es3 samples have reached an oil generation threshold,
consistent with Ro values of 0.62–0.75% (Table S1) and biomarker
maturity parameters (Section 5.4). The Ek2 samples have relatively high
HI values, indicating dominant Type I and minor Type II kerogen. This
suggestion is consistent with the findings of Zhang et al. (2014) based
on kerogen elemental and maceral compositions and source rock pyr-
olysis. The Tmax values for Ek2 samples further indicate that they are
thermally mature, and in a middle to late oil window. This classification
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is additionally supported by the Ro results (0.74–1.24%; Table S1) and
the biomarker data (Section 5.4).

Given the combined results regarding the richness, type, and
thermal maturity of the organic matter, the Ek1 member has poor
petroleum generating potential. Conversely, the Ek2 member has a good
to very good hydrocarbon generation potential. Finally, the Es3
member, although heterogeneous, contains intervals that may be ef-
fective source rocks with good to very good hydrocarbon generation
potential. Although this member is heterogeneous, it may provide an
interesting source rock target for future or complimentary exploration
plays.

5.2. Organic matter input

The relatively high contents of high-molecular-weight n-alkanes
with odd over even predominance in the samples, apart from samples
from well GD14 (Fig. 4), appear to indicate that both the Ek2 and Es3
members contain low-maturity, land-plant-derived organic matter
(Clark and Blumer, 1967; Blumer et al., 1971; Colombo et al., 1989;
Peters et al., 2005). However, several species of nonmarine algae (e.g.,
Botryococcus braunii amongst others) contain low-molecular-weight
(C15–C19) and high-molecular-weight (C23–C33) odd carbon numbered
n-alkanes and n-alkenes (Gelpi et al., 1970).

The ratio of regular sterane to hopane reflects the proportion of
eukaryotic, mainly algae and higher plants, to prokaryotic (i.e., bac-
terial) derived organic matter present in the source rocks (Peters et al.,
2005). In general, high concentrations of steranes or high sterane/ho-
pane ratios (≥1) exemplify organic matter with major contributions
from planktonic or benthic marine algae (Moldowan et al., 1985). The
ratios of sterane/hopane vary between 0.18 and 0.36 for the Ek2 sam-
ples and 0.26–0.73 for the Es3 samples (Table 1), suggesting a sig-
nificant contribution of bacterial organic carbon to both source rock
units. The Ek2 member may have a greater amount of prokaryotic
versus eukaryotic derived input than the Es3 member, as indicated by
the lower sterane/hopane ratio (Tissot and Welte, 1984; Moldowan
et al., 1985; Peters et al., 2005). The variations of sterane/hopane in
both the Ek2 and Es3 source rock samples suggest geochemical het-
erogeneity during deposition of each member.

Huang and Meinschein (1979) proposed that C27 sterols derive
chiefly from zooplankton, C28 sterols mainly from phytoplankton and
C29 sterols from terrigenous plants, although brown algae and many
species of green algae also produce C29 sterols (Moldowan et al., 1985,
and references therein). Commonly, lacustrine source rocks have a
significant proportion of C27 and C29 steranes and low to very low
contents of C28 steranes (Peters et al., 2005). A dominance of C29

steranes (47–60%) over C27 (10–17%) and C28 (25–41%) homologues
was observed in the Ek2 source rocks (Table 1, Fig. 8), an observation
that is generally interpreted as reflecting significant contribution from

land plants. However, this interpretation runs contradictory to the type
I kerogen and low Pr/Ph ratio observed for the Ek2 samples. An alter-
native explanation for the abnormally high C29 steranes in the Ek2
source rocks is that they were derived from green algae (Moldowan
et al., 1985). The contribution from brown algae is excluded as they are
uncommon in nonmarine ecosystems (Bold and Wynne, 1978). Despite
the potential for input from green algae, the sub-equal abundance of the
C27 and C29 5α(H),14α(H),17α(H)-20R steranes (Table 1, Fig. 7) may
suggest a mixture of aquatic and terrestrial organic matter input during
deposition of the Es3 source rocks. High amounts of C30 4α-methyl-24-
ethylcholestanes in the Es3 samples (Fig. 7) indicate abundant input
from prymnesiophyte algae (Volkman et al., 1990). The two Es3 sam-
ples with characteristically low TOC contents (< 0.5%) also have lower
sterane/hopane and C30 4-M/C29 sterane ratios (Fig. 7) and greater
amounts of βα-hopanes (Table 1), suggesting a greater contribution of
terrigenous organic matter in these two samples than the remainder of
the Es3 samples (e.g., Isaksen and Bohacs, 1995; Peters et al., 2005; Tao
et al., 2015).

The extended hopanes (C31 or greater) are related to bacter-
iohopanetetrol and other polyfunctional C35 hopanoids common in
prokaryotic microorganisms (Ourisson et al., 1979, 1984; Rohmer,
1987). The lower pseudohomologs (C30 or less) may also be related to
C30 precursors, such as diploptene or diplopterol, which are found in
nearly all hopanoid-producing bacteria (Rohmer, 1987). Therefore,
differences between the Ek2 and Es3 source rocks, with respect to the
abundance of homohopanes and C29 hopane relative to C30 hopane
(Table 1), may indicate variations in the proportions of bacterial pre-
cursors, but we have no direct evidence to suggest what the specific
precursors are.

5.3. Depositional environment

Biomarkers indicative of the depositional environment corroborate
that both the Ek2 and Es3 members in the Cangdong sag were deposited
in a lacustrine environment. The predominance of C21 tricyclic terpane
in all rock extracts suggests that both of the source rock units were
deposited in a terrestrial environment (Aquino Neto et al., 1983; Peters
and Moldowan, 1993; Tao et al., 2015) rather than a marine setting.
The high C26TT/C25TT and C24TT/C23TT ratios and low C22TT/C21TT
and C31R/C30H ratios for the rock extracts (Table 1) similarly indicate a
lacustrine environment (Peters et al., 2005, see their figures 13.76 and
13.77). Furthermore, the relationship between dibenzothiophene/phe-
nanthrene (DBT/P) and Pr/Ph ratios, highlighted in Fig. 9, indicates
that the Ek2 and Es3 source rocks were mainly deposited in a sulfate-
poor lacustrine environment (Hughes et al., 1995).

The Pr/Ph ratio is a common indicator for the redox conditions
contemporaneous with the deposition of source rocks. A low Pr/Ph
ratio (< 1) indicates anoxic conditions, whereas values> 1 suggest
suboxic environments, with values> 3 generally observed in sediments
deposited under an oxygenated water column (Powell and McKirdy,
1973; Didyk et al., 1978; ten Haven et al., 1987; Peters et al., 2005).
Based on the low Pr/Ph ratios observed for the Ek2 source rocks, this
member was likely deposited under anoxic conditions. This is consistent
with the greater β-carotane observed in the Ek2 source rocks, as ex-
emplified by samples from wells Z56 and N18 (Table 1) (Peters et al.,
2005). Samples from different locations within the Cangdong sag show
varying Pr/Ph ratios and β-carotane abundances, indicating that there
may have been spatial variability in the redox conditions across the
depositional environment during the Ek2 period (Fig. 10, Table 1).
Samples from the Es3 member have higher and more variable Pr/Ph
ratios than those of the Ek2 members (Fig. 10, Table 1), suggesting
variable redox conditions during deposition of the Es3 source rock with
conditions ranging from anoxic to oxic. The Pr/n-C17 and Ph/n-C18

ratios also suggest reducing conditions during the deposition of the Ek2
member (Fig. 5).

Sinninghe Damsté et al. (1995) proposed that gammacerane
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indicates a stratified water column in marine and non-marine source
rock depositional environments and is attributable to hypersalinity at
depth. As such, the greater gammacerane indices in Ek2 samples suggest
that they were deposited in a more strongly stratified water column
than the Es3 member. Changes in gammacerane indices across the Ek2
samples (Table 1) further indicate fluctuating salinity during deposition
of the Ek2 member. Interestingly, the common negative correlation
observed between the gammacerane index and Pr/Ph ratio (e.g., Mann
et al., 1987; Chen and Summons, 2001; Peters et al., 2005; Sun et al.,
2016) is absent in our dataset (Fig. 10). This may suggest that water
column stratification was not related to anoxic conditions or hypersa-
linity at depth but may instead be attributable to temperature gradients
(Bohacs, 2000; Peters et al., 2005).

The abundance of diasteranes is low in all samples, and the C27

diasterane/C27 regular sterane ratios range from 0.00 to 0.34

(mostly< 0.20; Table 1). Collectively, this observation suggests that
the Ek2 and Es3 rocks are likely clay-lean (e.g., Rubinstein et al., 1975;
Sieskind et al., 1979; Moldowan et al., 1986).

5.4. Thermal maturity

A suite of biomarker parameters were calculated for assessing the
thermal maturity of the samples (Table 1). The C29 ααα20S /
(20S+ 20R) and C29 ββ / (ββ+ αα) sterane ratios for the Ek2 samples
from the Z56 and N18 wells have ratios in the ranges of 0.07–0.33 and
0.15–0.33, respectively, indicating samples are either immature or at a
low maturity stage. Higher C29 ααα20S / (20S+20R) and C29 ββ /
(ββ+ αα) sterane ratios (0.51–0.54 and 0.49–0.54, respectively) for
the remainder of the Ek2 samples from the GD14 well indicate that
these samples are thermally mature. Samples from the Es3 member
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range from 0.18 to 0.32 and from 0.17 to 0.25, for the C29 ααα20S /
(20S+20R) and C29 ββ / (ββ+ αα) sterane ratios, respectively. This
indicates that the Es3 member samples are in the early stage of maturity
and hydrocarbon generation (Seifert and Moldowan, 1986; Huang
et al., 1990).

The relatively high C30 βα-hopane/C30 αβ-hopane ratios of the Es3
samples (> 0.19) imply a low organic matter maturity in the rocks,

while the Ek2 samples are more mature, as the ratios range from 0.11 to
0.16 (Table 1) (Seifert and Moldowan, 1980; Mackenzie et al., 1980).
Ratios for the two organic lean Es3 samples, however, are significantly
higher than other samples from the same wells and at similar burial
depths, suggesting a clear influence of source input on the C30 βα-ho-
pane/C30 αβ-hopane ratio (Waples and Machihara, 1991; Peters et al.,
2005; Farhaduzzaman et al., 2012).

With the exception of two samples from the Z56 well (Table 1), the
C31 hopane 22S / (22S+22R) ratios for all the Ek2 and Es3 samples are
between 0.53 and 0.57, indicating they are in the oil generation
window and the samples from the GD14 well have reached, or even
surpassed, the main phase of oil generation (Seifert and Moldowan,
1980). The Ts / (Ts+Tm) ratios (Seifert and Moldowan, 1978) of
0.22–0.58 and 0.04–0.34 from the Ek2 and Es3 member samples, re-
spectively, also support the above interpretations. The greater tricyclic
terpanes/hopanes ratios (Table 1) and lower Pr/n-C17 and Ph/n-C18

ratios (Fig. 5) for the samples from the GD14 well indicate a higher
maturity level than that of other samples (e.g., Seifert and Moldowan,
1978; Peters et al., 1990), consistent with the other geochemical data
discussed above and the deeper burial depth for samples from the GD14
well.

5.5. Exploration implications

As noted above, petroleum exploration in the Cangdong sag has at
this stage been primarily focused on the source rock potential of the Ek2
member (Liu, 2008; Ge et al., 2012; our unpublished data). Our data
also indicates that the Es3 member contains several intervals that have
good to very good potential for oil generation. This is of great sig-
nificance for exploration in the Cangdong sag, where a new exploration
play that targets a different hydrocarbon source may be established.
Although no significant discoveries related to the Es3 source rock have
been achieved to date, we are confident in the generative potential of
the Es3 member as a source rock. As previous exploration and drilling
activities have mainly focused on the structural highs and related traps,
easily identified by geophysical and geological methods, the central
area of the depression and less conspicuous reservoirs represent po-
tential future exploration targets where Es3 source rock derived crude
oil could be discovered. Critically, the diagnostic biomarker ratios re-
flecting the source and depositional environment of the organic matter
presented here, and summarized in Table 2, are undoubtedly useful for
any oil-oil and oil-source correlations stemming from future exploration
in the Cangdong sag.

6. Conclusions

A source rock evaluation has been performed based on the quantity,
quality, and thermal maturity of organic matter in the potential source

0.0

0.5

1.0

1.5

0.0 0.3 0.6 0.9 1.2
C304-M/C29Sterane

C2
7/

C2
9

enaretS

Es
Ek

TOC=0.34 %

TOC=0.21%

TOC=1.59%

TOC=2.81%

TOC=1.00%

3

2

Fig. 7. Cross-plot of C30 5α, 14α, 17α, 20R 4-methyl-24-ethylcholestane/C29

5α, 14α, 17α, 20R sterane (C30 4-M/C29 Sterane) versus C27 5α, 14α, 17α, 20R/
C29 5α, 14α, 17α, 20R sterane (C27/C29 Sterane), showing the relative abun-
dance of C27, C29 and C30 5α, 14α, 17α, 20R steranes in the Ek2 and Es3
samples.

Es
Ek

20

40

60

80

80

60

40

20

20 40 60 80

C28(%)

C27(%) C29(%)

3

2

Fig. 8. Ternary diagram showing the relative abundance of C27, C28, and C29

5α, 14α, 17α, 20R steranes in the Ek2 and Es3 samples.

Zone 1A  Marine carbonate
Zone 1B  Marine carbonate 

Marine marl
Lacustrine sulfate-rich

Zone 2     Lacustrine sulfate-poor
Zone 3      Marine shale and

other lacustrine
Zone 4      Fluvial / Deltaic

0.0

1.0

2.0

3.0

4.0

0.0 1.0 2.0 3.0 4.0
Pr/Ph

P/T
B

D Es
Ek

0.0

0.1

0.2

0.0 1.0 2.0 3.0

3
2

Zone 1A

Zone 1B

Zone 2 Zone 3 Zone 4

Fig. 9. Cross-plot of pristane/phytane (Pr/Ph) versus dibenzothiophene/phe-
nanthrene (DBT/P) in the Ek2 and Es3 samples, indicating source rock deposi-
tional environment (after Hughes et al., 1995).

0.0

0.1

0.2

0.3

0.4

0.0 0.5 1.0 1.5 2.0 2.5
Pr/Ph

C/a
G

30
H

Es

Ek
3

2

TOC=
1.00%

TOC=1.59%

slle
w

81
N

dna
65 Z

G
D

14
 w

el
l

Fig. 10. Cross-plot of pristane/phytane (Pr/Ph) versus gammacerane/C30 ho-
pane (Ga/C30H) in the Ek2 and Es3 samples.

R. Mao et al. Journal of Geochemical Exploration 194 (2018) 9–18

16



rocks that comprise the Cangdong sag. Our results demonstrate that the
Paleogene Ek2 member source rocks are rich in Type I kerogen, and are
in the early to late oil window, indicating good to very good hydro-
carbon generating potential. Conversely, the overlying Ek1 member is
organic lean and dominated by Type III kerogen, suggesting poor hy-
drocarbon generation potential. The overlying Es3 member contains
several intervals that have high abundances of Type I and Type II
kerogen and is currently in the oil window, suggesting these source
rocks have a good to very good potential for hydrocarbon generation.
The confirmation of the Es3 member as an additional effective source
rock in the Cangdong sag suggests that new exploration plays targeting
this alternative hydrocarbon source rock are possible and worth ex-
ploring.

The distributions of biomarkers vary significantly within the Ek2
and Es3 member source rocks. Biomarker distributions suggest that the
Ek2 source rocks are clay-lean and were deposited in an anoxic but
sulfate-poor terrestrial lake with abundant prokaryotic and minor ter-
restrial organic matter input. The water column remained stratified
during deposition of the Ek2 member, but it was less stratified during
deposition of the Es3 member. Redox conditions within the water
column were variable, from anoxic to suboxic during deposition of the
source rock units. Furthermore, the Es3 member is characterized by less
prokaryotic and more prymnesiophyte algae input than the Ek2
member. Differences in the organic matter source and depositional
environment between the Ek2 and Es3 member source rocks discussed
here will be valuable exploration tools and can be used for oil-source
rock correlations within the Cangdong sag.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gexplo.2018.07.005.
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