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Abstract

The geochemical signatures of fifty-four rock samples and three supplementary drill stem test (DST) oils from the
Yacheng-Sanya formations in the central Qiongdongnan Basin (CQB) were analysed. Reconstruction of the early
Oligocene-early Miocene (36-16 Ma) palaeovegetation and source analyses of organic matter (OM) were
conducted using aliphatic biomarkers in ancient sediments and DST oils. Both the interpreted aquatic and
terrigenous OM contributed to the CQB source rocks (SRs) but had varying relative proportions. The four
distribution patterns derived from n-alkanes, terpanes, and steranes are representative of four OM composition
models of the Yacheng-Sanya SRs, including model A, model B, model C, and model D, which were classified
based on the increasing contribution from terrigenous OM relative to aquatic OM. Some terrigenous higher plant-
derived biomarkers, including oleanane, des-A-oleanane, C,q aca 20R sterane, bicadinanes, the C,4/(C,q + C,3)
tricyclic terpane ratio, and other n-alkane-derived ratios suggest that angiosperms had increased proportions in
the palaeoflora from early Oligocene to early Miocene, and the bloom of terrigenous higher plants was observed
during deposition of upper Lingshui Formation to lower Sanya Formation. These findings are consistent with the
incremental total organic carbon and free hydrocarbons + potential hydrocarbons (S, +S,) in the lower Lingshui-
lower Sanya strata with a significant enrichment of OM in the E;l,-N;s, shales. The maturity- and environment-
sensitive aliphatic parameters of the CQB SRs and DST oils suggest that all the samples have predominantly
reached their early oil-generation windows but have not exceeded the peak oil windows, except for some
immature Sanya Formation shales. In addition, most of the OM in the analysed samples was characterised by
mixed OM contributions under anoxic to sub-anoxic conditions. Furthermore, terrestrial-dominant SRs were
interpreted to have developed mainly in the Lingshui-Sanya formations and were deposited in sub-oxic to oxic
environments, compared to the anoxic to sub-anoxic conditions of the Yacheng Formation.
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1 Introduction

The Qiongdongnan Basin, which is adjacent to south-eastern
Hainan Island and located on the north-western continental
shelf of the South China Sea, is one of the most prolific Cenozoic
petroliferous basins along the continental margin of the South
China Sea. The South China Sea is a relatively vast and profound
marginal sea, the tectonic location of which is in the joint area
shared by the Pacific and Tethys tectonic domains, and the South
China Sea plays a role in connecting the Southeast Asia contin-
ent with the southwestern Pacific Ocean (Ding et al., 2021; Ren et
al., 2011; Zhu et al., 2021). Due to its special geographical posi-

tion, the South China Sea is very sensitive to variations in the
global climate and palaeomarine environment (Webster, 1994),
and these processes are closely related to the terrestrial organic
matter (OM) influx (Ding et al., 2021; Liu et al., 2016b; Tamburini
et al.,, 2003). Large amounts of fluvial sediments are transported
along waterways and deposited primarily on the continental
margins and slopes of marginal seas, usually forming either ter-
minal sedimentary sinks or passageways to open-ocean regions
(Liu et al., 2016b).

The Qiongdongnan Basin is a Cenozoic extensional basin
based on pre-Paleogene igneous rocks, sedimentary rocks, and
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metamorphic rocks (Huang et al., 2003; Lai et al., 2021; Li et al.,
2020; Zhu et al., 2021). This basin is NE-SW-trending overall and
covers a total area of approximately 65 000 km?, nearly 70% of
which is deep-water (water depths>300 m), and its exact longit-
udinal and latitudinal coordinates lie between 108°52'-110°47'E
and 16°47'-19°00'N, respectively (Huang et al., 2016; Wang et al.,
2015a) (Fig. 1). The Qiongdongnan Basin can be structurally di-
vided into four first-order tectonic belts, including the northern
depression, the central uplift, the central depression, and the
southern uplift. Furthermore, it can be subdivided into 20 sec-
ondary tectonic units (e.g., the Songtao Uplift, Songnan Sag,
Baodao Sag, Songnan Low Uplift, and Lingshui Sag, as shown in
Fig. 1b).

The basin has experienced two tectonic evolution stages dur-
ing the Cenozoic (Huang et al., 2016; Lai et al., 2021; Su et al.,
2018), including the Paleogene rifting stage and the post-Paleo-
gene depression stage. The Cenozoic depositional sequences in
the Qiongdongnan Basin are recorded by five diverse succes-
sions, that is, Eocene lacustrine sediments, early Oligocene con-
tinental-to-marine transitional to semi-enclosed neritic succes-
sions, late Oligocene-mid-Miocene littoral-to-neritic facies, late
Miocene-Pliocene littoral-to-bathyal deposits, and a Quaternary
littoral sequence (Ding et al., 2021; Lai et al., 2021; Su et al., 2018;
Zhu et al., 2021) (Fig. 1c, modified from Lai et al. (2021); Su et al.
(2018)). The stratigraphy has been recorded through drilling, and
the successive layers are as follows, from old to new: the late Eo-

cene Lingtou Formation (E,l), early Oligocene Yacheng Forma-
tion (E,y), late Oligocene Lingshui Formation (E,l), early Mio-
cene Sanya Formation (N;s), mid-Miocene Meishan Formation
(N;m), late Miocene Huangliu Formation (N,h), Pliocene Yingge-
hai Formation (N,y) and Quaternary Ledong Formation (Ql). The
Yacheng and Lingshui formations can be trisected into E,y, ; and
E,l, 5 respectively, and the Sanya Formation can be dichotom-
ized into N;s, and N;s,. The regional tectonic features and sedi-
mentary facies indicate that the palaeowater gradually deepened
spatially from the northwest to the southeast and temporally
from the early Oligocene to the Miocene in the Qiongdongnan
Basin; in addition, the palaeovegetation compositions and source
inputs of the ancient sediments changed similarly.

The Qiongdongnan Basin has experienced more than 40
years of petroleum exploration since the Y-9 well was first drilled
in 1979. During recent decades, a sequence of giant gas fields and
hydrocarbon-bearing structures has been established in this
basin, including but not limited to the YA13-1, LS17-2, LS§25-1,
LS25-1 W, LS18-1, and LS18-2 gas fields, in which the YA13-1 gas
field is the largest and first-discovered commercial gas field in the
Qiongdongnan Basin (Xiao et al., 2006; Zhou et al., 2003). The
other gas fields listed above are all located in the central depres-
sion, and the LS17-2 gas field is the largest among these fields;
this field is located in a deep-water area and has an initial gas-in-
place reserve of approximately 110x10° m?3 (Zhang et al., 2016;
Zhu et al., 2021). Due to the tremendous sedimentary volumes
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Fig. 1. Map showing the regional geological outline of the Qiongdongnan Basin (QDNB). a. Geographic location of the QDNB in the
South China Sea. b. Schematic structure of the QDNB and location of associated wells, well names in black include cutting samples,
names in red contain core/sidecore samples, and letters in blue indicate drill stem test oils involved. c. The stratigraphic column of
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and extensive gas potentials in the Qiongdongnan Basin, this re-
gion has become an important exploration hotspot along the
continental marginal basins of China (Zhu et al., 2021). In the last
decade, numerous studies have been conducted on the Qiong-
dongnan Basin, predominantly concerning the petroleum geolo-
gical conditions (Liu et al., 2016a; Wang et al., 2014a; Zhu et al.,
2021), regional tectonic evolution (Ren et al., 2011; Wang et al.,
2014b; Yang et al., 2022), petroleum and source rock geochem-
istry (Lai et al., 2021; Zhu et al., 2018, 2021), source rock develop-
mental controls (Li and Zhang, 2017; Li et al., 2013; Miao et al.,
2018), and sedimentary characteristics (Cao et al., 2017; Lei et al.,
2019; Liu et al., 2016b; Ren et al., 2014; Wang et al., 2015a; Wu et
al., 2018b); topics of specific focus include hydrocarbon-genera-
tion potentials of coal-bearing source rocks (SRs) (Huang et al.,
2012, 2016; Lai et al., 2021; Li et al., 2012, 2020; Ren et al., 2015;
Wang et al., 2020, 2021; Zhang et al., 2019) and natural gas-re-
lated research (Ding et al., 2018; Huang et al., 2012, 2016, 2017;
Suetal., 2012, 2017, 2018; Wang et al., 2015¢; Zhang et al., 2016).

The lower Oligocene-lower Miocene SRs in the central Qiong-
dongnan Basin (CQB) revealed by drilling are predominantly ter-
rigenous-marine SRs, and this type of source rock is specific to
continental marginal sedimentary basins. There has been an in-
crease in research interest for terrigenous-marine SRs due to
their great resource potential coupled with their wide distribu-
tion and large thickness in the South China Sea (Fan et al., 2021;
Gao etal., 2018; Huang et al., 2016; Li and Zhang, 2017; Wang et
al., 2015b). However, owing to the low-exploration stage of the
deep-water region, where no more than 11 wells have been
drilled into the lower Oligocene E,y stratum thus far, the diverse
OM composition models in the lower Oligocene-lower Miocene
terrigenous-marine SRs have not been investigated in detail, and
relatively few published studies have focused on the systematic
reconstruction of palaeovegetation or palaeoenvironmental con-
ditions during early Oligocene to early Miocene in the CQB or
even in the South China Sea using geochemical parameters, es-
pecially few analyses have been conducted in combination with
the latest petroleum exploration.

In previously published reports, Ding et al. (2021) discussed
the palaeovegetation variations that occurred in response to the
late Oligocene-early Miocene East Asian summer monsoon in
the Ying-Qiong Basin and reconstructed the palaeovegetation
and palaeoclimate during the late Oligocene-early Miocene in
their study area. Wu et al. (2018a) analysed the palaeoenviron-
mental conditions of Oligocene SRs in the Baodao-Changchang
sags based on evidence from organic geochemistry and palyno-
logy. Both Ding et al. (2021) and Wu et al. (2018a) generally
agreed that tropical/subtropical angiosperm- and pteridophyte-
derived OM dominated the Oligocene SRs and younger sedi-
ments (i.e., N;s,;). However, there are some different opinions
herein in the OM sources of the lower Oligocene-lower Miocene
(Yacheng Formation-Sanya Formation) SRs. Given that, terrigen-
ous-marine SRs are widespread in the CQB, and hence, terrestri-
al materials have been nonnegligibly incorporated into deposits
in the CQB since the early Oligocene. Nevertheless, the composi-
tion models and traits of the OM involved in the original sedi-
ments, as well as ultimately preserved geochemical compounds,
exhibited variations due to many controlling factors, e.g., the
source materials, redox potential, and palaeowater depth,
thereby finally representing the diversities of palaeovegetation
and palaeoenvironmental conditions.

Numerous molecular biomarkers in petroleum and extract-
able hydrocarbons from ancient sediments can be linked with
corresponding geologically ancient counterparts and have hence

been widely used to reconstruct palaeovegetation compositions
and depositional palaeoenvironments (Didyk et al., 1978; Ding et
al., 2021; Hautevelle et al., 2006; Jiang et al., 2020; Jiang and
George, 2018; La Croix et al., 2020). For example, the n-alkane ra-
tios, including the wax index, terrigenous/aquatic ratio (TAR)
and average chain length (ACL) (for all abbreviations and defini-
tions of biomarkers, please see Table 1), are widely used to evalu-
ate relative variations in terrigenous higher plant- versus aquatic-
derived OM in original sediments (Blocho et al., 2021; Bourbon-
niere and Meyers, 1996; Ding et al., 2021; Hos-Cebi, 2017; Jiang
and George, 2018, 2019; Peters et al., 2005; Samad et al., 2020).
Tricyclic terpanes (<C,,) seem to derive from a regular C,, iso-
prenoid, which could be constituents in prokaryotic membranes,
and hopanes appear to originate from precursors in bacterial
membranes; moreover, tricyclic terpanes are thought to be more
resistant to thermal maturation and biodegradation than ho-
panes (Ourisson et al., 1979, 1982; Peters et al., 2005). Ding et al.
(2021) have firstly defined the angiosperm-related indicator
(oleanane + des-A-oleanane + taraxastane)/C,, of hopane [(O +
DAO + Ta)/C,, H]. Bicadinanes, including cis-cis-trans-bicadin-
ane (W), trans-trans-trans-bicadinane (T), and R, are pentacyclic
triterpanes derived from the dammar-type resins of tropical an-
giosperms, such as Dipterocarpaceae plants (Murray et al., 1997;
Nytoft et al., 2010; Van Aarssen et al., 1992); these biomarkers
were first detected by Grantham et al. (1983) in South Asian oils.
Steranes are sterol-derived cycloalkanes derived from ancient
eukaryotic photosynthetic algae and higher plants; the distribu-
tion patterns and relative abundances of regular steranes are
source-related and generally indicative of the sedimentary envir-
onment (Ding et al., 2021; Jiang and George, 2018; Peters et al.,
2005); pregnanes and homopregnanes were identified as the pre-
dominant steranes in ancient sediments deposited under hyper-
saline environments (Ten Haven et al., 1985), and the relative
abundances of pregnanes compared with regular steranes tend
to increase with incremental thermal maturity (Wingert and
Pomerantz, 1986). The ratio of pristane (Pr) versus phytane (Ph),
the two most common aliphatic isoprenoids, has been widely ap-
plied to indicate depositional environments (Didyk et al., 1978;
Large and Gize, 1996; Ten Haven et al., 1988), although the Pr/Ph
ratio is susceptible to thermal maturation (Albrecht et al., 1976;
Peters et al., 2005; Vukovi¢ et al., 2016). The carbon preference
index (CPI), the odd-to-even predominance (OEP) and the
Ts/(Ts + Tm) ratio can be applied to evaluate the mature stage of
SRs and oils but are also inescapably influenced by the variations
in parent materials and the depositional environment (Ding et
al., 2021, 2022; Jiang and George, 2018; Seifert and Moldowan,
1978; Xu et al., 2022). Furthermore, maturity-sensitive stereoi-
somers of hopanes and steranes are widely used to assess the
thermal maturity of original sediments and petroleum; configur-
ational isomerization occurs only when cleavage and renewed
formation of the bonds has resulted in an inverted configuration
in contrast with the original asymmetric centre; the R and S iso-
meric configurations of asymmetric carbon atoms in acyclic
chains generally have similar thermal stabilities, while asymmet-
ric centres that are part of a saturated ring system usually show
two configurations (« and f) with entirely distinct thermal stabil-
ities due to steric forces imposed by a rigid cyclic structure
(Peters et al., 2005).

In this paper, aliphatic biomarkers obtained from extractable
hydrocarbons and drill stem test (DST) oils were predominantly
used, including oleanane, 104(H)-des-A-oleanane, 103(H)-des-A-
lupane, 108(H)-des-A-ursane, taraxastane, bicadianes, C;g—C,,
tricyclic terpanes, C,, tetracyclic terpane, and C,,-C,4 regular
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Table 1. Abbreviations and definitions for some geochemical parameters mentioned in the text

Abbreviation Definition
CPL,, 5, carbon preference index=2(C,;+C,+C,,+C,y0+Cy1)/(Cyp+2C,,+2C,+2Co5+2C;,+Cy,) alkanes
OEP odd-to-even predominance=[(C,,; »*+6%C,5*+Crnaxs2)/ (4Cmax 1 + 4Cmax +1)] 0™ " alkanes
Wax index (Cy+C,,)/(Cyg+C,g) alkanes
TAR terrigenous/aquatic ratio=(C,,+C,+Cs,)/(C,5+C;,+C,,) alkanes
ACL,; 4, average chain length=Y(nxCn)/ YC,, n is among 15-33
Pr pristane
Ph phytane
C,o/(C1g+Cy) TT C,4/(C,9+C,,) tricyclic terpanes
Cy3/Cy TT C,3/C,, tricyclic terpanes
C,, TeT/C,,TT C,, tetracyclic terpane/C,, tricyclic terpane
Ts/(Ts+Tm) C,, 1BoL(H)-22,29,30-tlrisnorneohopane/_(C27 17a(H)-22,29,30-trisnorhopane + C,; 18a(H)-22,29,30-
trisnorneohopane)
C,y Ts/CygH 184-30-nechopane/C,q o norhopane
Cy H/(H+M) Cy9 af/(af + pa) nothopanes
C;p H/(H+M) Cso 03/ (aff + po) hopanes
C;/CyH C;, ap homohopane/ Cy, ¢ hopanes
Cj, 228/(22S+22R) H C;; af 228/(22S+22R) homohopanes
0/CyH oleanane/C,; o hopane
GA/Cy H gammacerane/C,, o hopane
DAO/Cy H des-A-oleanane/C,, of hopane
Ta/CyyH taraxerane/Cg, off hopane
(O+DAO+Ta)/Cyy H (oleanane+des-A-oleanane+taraxerane)/C,, 8 hopane
(W+T)/CyyH (cis-cis-cis-bicadinane+trans-trans-trans-bicadinane)/Cs, af hopane

T/¥C,q steranes
C,,/C,q aca 20R steranes
C,4 20S/(20R+20S) steranes

C, BB/ (0 +Bp) steranes

trans-trans-trans-bicadinane/C,, (aaa 20S+aff 20R+afB 20S+aaa 20R) steranes
C,; aao 20R sterane/C,q aaa 20R sterane
C,q aco 20S/(20R+20S) steranes

C,g apB/(aco+app) 20R steranes

steranes. The latest test data from the new BD-3 drilling well were
applied to extend the sample capacity. All above steps are pre-
requisites for systematically reconstructing the early Oligocene-
early Miocene palaeovegetation and palaeoenvironmental con-
ditions and ascertaining OM sources of terrigenous-marine SRs
from the Yacheng-Sanya formations in the CQB.

2 Materials and methods

2.1 Samples

All the materials and samples used in this work were collec-
ted from the Hainan Branch of China National Offshore Oil Cor-
poration (CNOOC) Co., Ltd. Sufficient samples were obtained for
this study, including 30 cuttings and 24 sidecores derived from 9
wells in the CQB, among which 15 samples were from the N;s
stratum, 28 samples were from the E,l stratum and 11 samples
were from the E,y stratum. In addition, 3 DST oils from Well BD-3
in the E,l, stratum were included in this study. The details of rep-
resentative rock samples obtained from 9 wells are shown in Ta-
ble 2. The locations of the wells referred to in this paper are illus-
trated in Fig. 1b.

2.2 Analytical methods

Before their soluble hydrocarbons were extracted, we pre-
treated all rock samples by washing them with deionized water,
wiping them with ethanol, powdering the samples to less than
100 mesh, and performing Soxhlet extraction for 72 h using chlo-
roform. The following method to separate aliphatic hydrocar-
bons from the extractable organic matter (EOM) and crude oils

was discussed in detail in Xu et al. (2022). Then, the aliphatic hy-
drocarbon fractions were analysed using the gas chromato-
graphy-mass spectrometry (GC-MS) method to determine the
geochemical signatures, further reconstruct early Oligocene-
early Miocene palaeovegetation and ascertain the sources of OM
in the lower Oligocene—lower Miocene SRs. The GC-MS was per-
formed on an Agilent 7890A GC apparatus equipped with a DB-
5ms fused silica capillary column (with a 60 mx0.25 mm internal
diameter and a film thickness of 0.25 pm) associated with an Agi-
lent 5975C mass selective detector (with an ionization energy of
70 eV). The vapourization temperature in the inlet was set to
300°C, and the samples were injected in splitless mode using he-
lium as the carrier gas at a stable flow velocity of 1.5 mL/min. The
initial oven temperature was maintained at 50°C for 1 min, then
programmed to 120°C at 20°C/min and further increased to
300°C at 2°C/min and maintained for 30 min. The samples were
detected in full-scan mode. Additionally, the compound abund-
ance normalization and calculation steps were performed on
Chemstation based on the peak areas integrated into the mass
chromatograms.

3 Results

3.1 n-Alkanes and isoprenoids

As illustrated in the m/z 85 mass chromatograms, the distri-
butions of n-alkanes and isoprenoids in the aliphatic hydrocar-
bon fractions differed among SRs from the lower Oligocene E,y to
lower Miocene N;s strata (Fig. 2). The n-alkanes of these rock
samples exhibited a range of carbon numbers from C,, to C,,,
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Table 2. Detailed information and bulk geochemical parameters of representative rock samples from nine wells in the Qiongdongnan

Basin
SampleID ~ Well  Formation Depth/m Type Lithology ~ TOC/%  (S;+S))/(mgg)  Ro/%  Tp,/°C
R1 BD-1 N;s, 2537 cutting shale 0.44 0.65 0.61 434
R2 BD-1 N;s, 2669 cutting shale 0.72 1.03 0.63 437
R3 BD-1 E,l, 3249 cutting silty muds. 0.82 2.28 0.71 443
R4 BD-1 E,l, 4183-4221 cutting shale 0.93 1.58 0.84 447
R5 BD-1 E,l, 4599-4 601 cutting silty muds. 0.58 1.02 0.84 451
R6 BD-2 E,l, 2 888.2-2 896.2 cutting shale 0.50 0.52 0.71 435
R7 BD-2 Ejl, 3 326.2-3 330.2 cutting shale 0.52 0.5 0.76 437
R8 BD-2 Ezy, 3998.2-4 004.2 cutting shale 0.98 0.67 1.03 451
R9 BD-3 E,l, 2615.7 sidecore shale 0.201 0.51 n.d. 440
R10 BD-3 Ezy, 3076.7 sidecore shale 0.317 0.61 n.d. 445
R11 BD-3 Euy, 3498.7 sidecore shale 0.529 0.51 n.d. 446
R12 LS-1 E.l 2357.2 sidecore shale 0.9 2.74 0.42 431
R13 ST-1 N;s 2719.2 sidecore siltstone n.d. 0.87 n.d. n.d.
R14 YL-1 N;s, 1255 sidecore shale n.d. 1.43 n.d. 423
R15 YL-1 E,l, 2051-2 053 cutting shale n.d. n.d. n.d. n.d.
R16 YL-1 E,l, 21335 sidecore siltstone n.d. 0.69 n.d. n.d.
R17 YL-2 N;s 1105.5 sidecore shale n.d. 2.54 n.d. n.d.
R18 YL-2 E;y 1125.5 sidecore siltstone n.d. 1.28 n.d. n.d.
R19 YL-3 N1s 992-996 cutting shale n.d. n.d. n.d. n.d.
R20 YL-3 Ezy 1024.5 sidecore shale n.d. 12.78 n.d. 406
R21 YL-4 Eyy, 680.8 sidecore siltstone n.d. 0.91 n.d. n.d.
01 BD-3 E,l, 2618.1-2680.5 oil DST n.d. n.d. n.d. n.d.
02 BD-3 Ejl, 2618.1-2680.5 oil DST n.d. n.d. n.d. n.d.
03 BD-3 E,l, 2618.1-2680.5 oil DST n.d. n.d. n.d. n.d.

w.,n

Note: Rx and Ox point to rock samples and drill stem test oils, respectively. “x” is the number of each representative sample; “Depth” points
to buried depth of each sample with deduction of water-depth; TOC: total organic carbon; S,+S,: free hydrocarbons+potential hydrocarbons;
Ro: vitrinite reflectance; T, ,,: temperature of maximum hydrocarbon generation rate; muds.: mudstone; n.d.: no data.

and four n-alkane distribution patterns were present: (1) a unim-
odal distribution pattern with an anteverted maximum=<GC,,,
which was widespread in the E;y-N;s SRs represented in samples
from the Ejl stratum of Well BD-1, with a 3 881.0-3 889.5-m side-
core, and BD-2, with 3 326.2-3 330.2-m cuttings (Fig. 2a); (b) a
unimodal, approximately symmetric pattern with a maximum
between C,, and C,;, which was predominantly present in
E;y-E;l SRs, e.g., the sidecore samples of LS-1 at 2 357.2 m and of
BD-3 at 3 076.7 m from the E;l and E,y strata, respectively (Fig.
2b); (3) a bimodal model with maxima at C,,_,, and C,, ,,, which
were principally found in E;y-E,l strata, for example, in shales
from well BD-1 with 3 203-3 205-m cuttings from E;l, and from
Well YL-4 with a 680.8-m sidecore from E,y,, the presence of un-
resolved complex mixture humps in these two representative
samples indicated that the samples have undergone moderate
biodegradation (Ahmed et al., 2012), as was validated by the pri-
or loss of light-molecular-weight less than C,, n-alkanes attrib-
uted to the inclination of the low carbon number of n-alkanes to
lose their variable contents (Alkhafaji, 2021; Fazeelat et al., 2011;
Galarraga et al., 2010) (Fig. 2c); and (d) a unimodal distribution
model with moderate OEP at high molecular weights, which
mainly occurred in the E;1-N;s SRs, for instance, in the cutting
samples obtained from Well BD-1, N;s, (2 537 m) and N;s, (2 669 m)
strata (Fig. 2d). The n-alkane distribution patterns illustrated dif-
ferent input proportions from terrestrial higher plant- and aquat-
ic-derived OM, and the four patterns correspondingly represen-
ted four diverse OM composition models of the lower Oligocene-
lower Miocene SRs in the study area, that is, model A, model B,
model C, and model D.

Light-molecular-weight n-alkanes (< C,,) in aliphatic hydro-

carbon fractions are inclined to stem from lower aquatic organ-
isms, including algae, while long-chain odd n-alkanes (=C,,) are
chiefly derived from the leaf wax components of terrigenous
higher plants (Bourbonniere and Meyers, 1996; Peters et al.,
2005). Generally, marine-sourced organic compounds have
lower ACL values of 14 to 24, while terrestrial higher plant-de-
rived organic components have higher ACL values ranging from
21 to 39 (Blocho et al., 2021; Eglinton and Hamilton, 1967; Jeng,
2006). Taking chain lengths 15 to 33 into account, the ACL values
in the N,s SRs ranged from 18.15 to 26.70, those in the E;l SRs
were in a range of 18.48-25.61 and those in the Yacheng SRs had
arange of 20.44-24.29, showing a slight increase in the peak ACL
values from Ejy to N;s and the presence of moderate values, in-
dicating mixed organic component inputs with some marine-
over-terrestrial OM predominance. The CPI,, ,, values of all 54
rock extracts ranged from 0.84 to 1.30, with an average of 1.07,
and the OEP had an approximate range of 0.70-1.38 (average of
1.03); in four samples present in the N;s SRs, the values of these
two parameters were higher than 1.20, indicating low maturity
and higher plant inputs, while the other CPI values close to one
are thought to have been caused by the dominant input of mar-
ine microorganisms and/or recycled OM (Kennicutt et al., 1987)
or thermal maturation (Peters et al., 2005). The wax index values
of all 54 samples were between 0.31 and 8.09, approximately
20.4% of which were lower than 1.0, and these samples were from
the E;1-N;s strata, also suggesting the noticeable contribution of
terrigenous higher plant-derived OM, while the wax index in the
E,y SRs ranged from 1.44 to 5.87, indicating lower contributions
of terrigenous OM compared to the E;l and N;s strata discussed
above. The n-alkanes of the aliphatic hydrocarbon fractionations
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Fig. 2. Normalized n-alkane profiles of four distribution patterns for the early Oligocene to early Miocene source rocks from the
Qiongdongnan Basin and partial m/z 85 mass chromatograms of the aliphatic hydrocarbon fractions showing the distributions of n-
alkanes and isoprenoids in the representative samples for each pattern. Numbers in each figure represent carbon numbers of n-

alkanes; Pr: Pristane; Ph: Phytane.

of the N;s SRs exhibited large TAR values from 0.08 to 8.03, while
the ranges of this index in the E;l and Ey strata were 0.10-4.46
and 0.20-3.29, respectively.

Among the 54 rock extracts examined in this paper, the Pr/Ph
ratios were mostly less than 3.0, and only seven samples exhib-
ited Pr/Ph values larger than 3 (within the range of 3.12-4.18,
with an average of 3.63), six of which were obtained from Well
BD-1 in the upper Lingshui Formation (E,l,) and the lower Sanya
Formation (N;s,). High Pr/Ph values (>3) indicated obvious terri-
genous OM inputs under oxic depositional environments (Peters

et al., 2005). Specifically, a low Pr/Ph ratio (<0.8) points to an an-
oxic depositional environment that is generally related to hyper-
saline or carbonate conditions (Peters et al., 2005). In this study,
approximately 26% of all analysed samples had Pr/Ph values<0.8,
corresponding to the period throughout the Oligocene to early
Miocene. Additionally, the measured isoprenoid/n-alkane ratios
were indicative of both the thermal maturity and depositional en-
vironment of OM in SRs and oils (Peters et al., 1999, 2005). The
cross-plot of Ph/nC, 4 versus Pr/nC,; shows that the E;y-N;s SRs
were deposited in mixed and varied environments containing
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partial Type-II OM in a reducing environment and Type-III OM
in an oxidizing environment, as well as mixed OM types in trans-
itional environments (Fig. 3). The aliphatic isoprenoids of the N;s
SRs exhibited large-scale Pr/Ph ratio variations (0.27-4.18) and
Pr/nC,;, ratio variations (0.28-5.46), among which the lowest
Pr/Ph values observed in the YL-3 shales were caused by the
strong biodegradation of light molecular n-alkanes (<C,). In the
upper Oligocene SRs, the Pr/Ph ratios ranged from 0.45 to 3.88,
the Pr/nC,; ratios exhibited a similar range of 0.41-3.37, and the
Ph/nC, g ratios ranged from 0.18 to 2.17. However, the isopren-
oid-related ratios in the rock extracts derived from E;y were lower
than those in the overlying strata, with Pr/Ph ratios ranging from
0.23 to 2.37, Pr/nC,, ratios ranging from 0.22 to 0.79, and Ph/nC,,
ratios ranging from 0.15 to 1.07.

Overall, the n-alkane ratios and isoprenoid characteristics de-
scribed above illustrated the increasing trend of terrigenous OM
input from the E,y stratum to the N;s stratum.

3.2 Terpanes

Tricyclic terpanes (TTs, for the compound structure see I in
Appendix), C,, tetracyclic terpane (TeT; II), and hopanes (penta-
cyclic terpanes containing 27-35 carbon atoms; III), which are
the common terpane types in the aliphatic hydrocarbon frac-
tions of the E;y-N,s SRs within the CQB, together with oleanane-
derived pentacyclic triterpanes, e.g., angiosperm-derived bio-
markers including oleanane (IV), des-A-oleanane (V), des-A-
lupane (VI), des-A-ursane (VII) and taraxastane (VIII), contrib-
ute to the terpane fingerprint (monitored in m/z 191, Fig. 4),
which can indicate the depositional environment of ancient sedi-
ments and OM input (Peters et al., 2005); in contrast, diterpen-
oids are in minute abundance or are not detectable by GC-MS.

The terpane distribution profiles present in the m/z 191 mass
chromatograms were different in the four OM composition mod-
els interpreted in Section 3.1; in particular, a lower relative con-
tent of TTs compared to hopanes was present in model A, in con-
trast with the other three models. The earlier eluted compounds
in m/z 191 mass chromatograms included TTs, des-A-oleanane,
des-A-lupane, des-A-ursane, and C,, TeT, and their distribution
profiles reflected in model A were characterized by a unimodal
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Fig. 3. Cross-plot of Ph/nC,4 versus Pr/nC; for the SRs and oils
in the Qiongdongnan Basin. “O” in the legend presents oil
samples.

distribution pattern with a peak at C,; TT, followed by C,, TT,
and the des-A-oleanane was accompanied by the des-A-lupane
(Fig. 4a); their counterparts present in model B exhibited a flat
peak pattern with roughly equal C,; TT and C,, TT and had high-
er C,g TT and C,y TT abundances compared to other models,
with a small peak of des-A-oleanane (Fig. 4b); the distribution
pattern in model C shared a similar characteristic with model A
of a unimodal distribution profile with a maximum at C,; TT, in-
dicating conspicuous contributions from aquatic OM (Ahmed et
al., 2012; Hakimi et al., 2021; Mohamed et al., 2018; Xu et al.,
2022), but the des-A-lupane was undetectable in model C (Fig. 4c);
and in model D these compounds were dominated by des-A-
oleanane, with the C,, TeT content significantly higher than that
of C,4 TT, and the relative abundances of C,, TT, C,; TT and C,,
TeT were very similar (Fig. 4d). Model C was dominant in all ana-
lysed samples. High abundances of C,4 TT and C,, TeT relative to
C,; TT are indicative of significant OM contributions from higher
plants (Ding et al., 2022; Preston and Edwards, 2000). The
source-related ratios of C,4/(C,4+C,;) TT in all 54 rock samples
ranged from 0.02 to 0.77 (with an average of 0.19), one-ninth of
which in the E;]; and N;s, strata exhibited higher C,4 TT contents
with C,4/(C,4+C,,) TT ratios of 0.57-0.77, indicating significant
inputs from terrigenous OM in these rock samples. While the C,,
TeT/C,, TT ratios exhibited wide-ranging values of 0.10-3.54,
with an average of 0.66, one in six samples had a value larger than
1, and these samples were also representative of E;1-N;s. In con-
trast, the C,,/C,; TT ratios in the E;y SRs range from 1.33 to 2.61,
with an average of 1.95, and the ratios in the E;l and N;s SRs were 0.82-
2.40 (average of 1.54) and 0.93-2.25 (average of 1.64), respect-
ively.

The distribution of hopanes in the CQB reflected a general
range of C,,—C,; hopanes, with C,,/C,, af hopane ratios<1, and
homohopanes with S and R epimers decreasing steadily from C,,
to C,; (Fig. 4). Nevertheless, the specific distributions were di-
verse among these four models; e.g., model A and model C had
the same characteristics of Ts/Tm ratios<1, low C,4Ts/C,q af ho-
pane values, and low oleanane, with the peak at C;, af hopane;
model B corresponded to low C,q o hopane but with higher
C,,Ts/C,q aff hopane ratios, moderate oleanane abundances, and
Ts/Tm ratios>1, and model B exhibited higher gammacerane (IX)
abundances than the other models; model D was characterized
by Ts/Tm ratios>1, moderate C,q f hopane and higher oleanane
than C; aff hopane.

The Ts/(Ts+Tm) ratios in lower Oligocene-lower Miocene
rock extracts ranged from 0.07 to 0.68, among which 18.5% of
samples from the E,y-E,l strata had values larger than 0.5, indic-
ating relatively mature SRs. The C,4 Ts/C,4 aff hopane ratios
ranged from 0.06 to 0.81, with an average of 0.32. The C,,
ap/(Ba+ap) hopane and Cs, af/(fa+af) hopane ratios exhibited
similar ranges of 0.54-0.94 (average of 0.81) and 0.47-0.89 (aver-
age of 0.79), respectively. In the E,y SRs, the oleanane index
(oleanane/C,, af hopane) and gammacerane index (gammacer-
ane/C,, af hopane) values ranged from 0.04 to 1.40 and 0.11 to
0.23, respectively; in the E,l stratum, these two ratios were in the
ranges of 0.04-1.21 and 0.04-0.31, respectively; and in the N;s
stratum, the counterparts had ranges of 0.03-1.07 and 0.04-0.23,
respectively. The differences among strata seemed to reflect di-
verse depositional environments. The relative abundances of
des-A-oleanane and taraxerane versus Cy, of hopane were subtle
in the SRs derived from E,;y-N;s, with des-A-oleanane/Cs, o ho-
pane and taraxerane/C,, af hopane ratios ranging from
0.006-0.172 and 0.008-0.149, respectively. The angiosperm-re-
lated indicator of (O+DAO+Ta)/Cs, H ranged from 0.07 to 1.62
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Fig. 4. Partial m/z 191 (left) and 412 (right) mass chromatograms of the aliphatic fractions illustrating four different distribution
patterns of terpanes and bicadinanes in the rock extracts from the Qiongdongnan Basin. In m/z 191, TT: tricyclic teranes; TeT:
tetracyclic teranes; peak distributions assign hopane stereochemistry at C-22 (S and R); Ts: 18a(H),22,29,30-trisnorneohopane; Tm:

17a(H),22,29,30-trisnorhopane; C,yTs: 18a(H)-30-norneohopane;

C,, x: carbon number; H: 17a(H)-hopane; M: 174(H) moretane. In

m/z 412, W: cis-cis-trans-bicadinane; T: trans-trans-trans-bicadinane; R: bicadinane.

(with an average of 0.27) in the E,y SRs in this study, from 0.06 to
1.47 (average of 0.42) in the E,l SRs and from 0.06 to 1.32 (aver-
age of 0.49) in N;s. The values of this index in the E;l and N;s
strata were slightly higher than those in the underlying E,y strat-
um, which was consistent with the characteristics illustrated by
the n-alkanes and isoprenoids described in Section 3.1. The C;,
22S/(22S+22R) homohopane ratio can be used as a maturity in-
dicator; this value very specifically denotes OM input before the
mid-oil-generation window (Peters et al., 2005), and in all ana-
lysed samples, this ratio ranged from 0.31 to 0.60. Of the ana-
lysed samples, 26% reached equilibrium values of 0.57-0.62.

C,, bicadinane isomers varied accordingly among the four
models shown in the m/z 412 mass chromatograms in Fig. 4. The
isomers W (X) and bicadinane R were inconspicuous relative to
the isomer T (XI). The isomer T was remarkably abundant in
model C but had a relatively minor abundance in model D and a
moderate content in model A. The (W+T)/C,, H ratios ranged
from 0.004 to 0.167 (average of 0.038) in the E,y SRs and were ob-

viously lower than those measured in E4] (0.001-0.591, average of
0.089) and N;s (0.004-0.419, average of 0.081). Dipterocarpaceae
has been reported to have flourished from 24.9 Ma in the late Oli-
gocene and before declining in the early Miocene (Ding et al.,
2021).

3.3 Steranes

The distributions of regular C,;, C,5 and C,q aaa 20R steranes
(XII), pregnanes, and partial diasteranes predominantly presen-
ted four patterns corresponding to four OM composition models,
as illustrated in the m/z 217 mass chromatograms (Fig. 5). The
distribution of C,;, C,, and C,, pregnanes was in a unimodal pat-
tern with a peak at C,, pregnane, and regular steranes domin-
ated over pregnanes and C,, diasteranes in most of the analysed
samples; however, diasterane dominance was exhibited in mod-
el B, as represented by the BD-3-2 615.7 m sidecore shale (E,l,),
and the C,, aaa 20R sterane showed a slight advantage over the
C,q aao 20R sterane (Fig. 5b), indicating its sediments under a
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more saline water environment and in a higher stage of maturity
compared to other models. The relative contents of the C,,-C,-
C,, aaa 20R steranes can be used to ascertain the types of parent
materials, among which C,, aaa 20R sterane is indicative of al-
gae-derived OM, while C,4 aaa 20R sterane is typical of higher
plant-derived OM (Peters et al., 2005). The distributions of C,,,
C,g and C,4 aaa 20R steranes were present with “L” “V” and
“anti-L” shapes in model A, model C and model D, respectively
(Figs 53, ¢, d), suggesting the dissimilarity of the respective con-
tributions from aquatic-dominant, mixed OM and terrestrial-
dominant OM. The C,,/C,q aaa 20R steranes ratios in the N;s SRs
ranged from 0.31 to 1.63, and 4 out of 15 samples had ratios lar-
ger than 1.0, suggesting more terrigenous OM input than aquatic
organism OM input in most samples. Accordingly, the C,,/C,q
aaa 20R steranes ratios in the E;l SRs ranged from 0.56 to 1.62,
and 9 out of 28 samples had ratios larger than 1.0; the ratios
measured in the E;y SRs were in the range of 0.49-1.41, and 4 out
of 11 samples had ratios less than 1.0, showing high inputs from
algae- or phytoplankton-derived OM. It can thus be inferred from
these values measured in all analysed samples that the contribu-
tion of terrigenous plant-derived OM was incremental from the
E,y to N, s strata.

C,,4 sterane stereoisomers are maturity-sensitive biomarkers
that can be used to specifically assess the thermal maturity of OM
in the immature to mature stages (Peters et al., 2005). The C,q
20S/(20S+20R) steranes and C,q ff/(aa+f3f) steranes ratios in all
associated samples were below or at their corresponding equilib-
rium values of 0.52-0.55 and 0.67-0.71, respectively (Peters et al.,
2005; Seifert and Moldowan, 1986), with respective ranges of
0.24-0.47 and 0.40-0.53 in the E;y SRs, 0.12-0.53 and 0.11-0.60 in
the E;l SRs, and 0.05-0.47 and 0.14-0.53 in the N ;s SRs. These ste-
reoisomer ratios suggest that these samples did not evolve bey-
ond the oil-generation window. The maturity- and source-re-
lated indicators associated with the partially representative
samples of steranes and terpanes are listed in Table 3.

3.4 Geochemical signatures of three supplementary DST oils
Samples of the three analysed oils were collected from three
DST sample batches in Well BD-3 of the Ejl, stratum; these oils
had previously been confirmed to originate from the E;y SRs
(Guo et al., 2021). The three DST oils shared similar geochemical

characteristics; their detailed parameters are listed in Table 3.
The n-alkane distributions ranged from C,; to C;,, with maxima
at either C,4 or C,,. The evident baseline fluctuations present in
the m/z 191 and 217 mass chromatograms are due to its light oil
properties; this occurrence was validated by the relatively com-
plete but lower abundance of high carbon number of n-alkanes
(Fig. 6 m/z 85) and the apparent deficiency of steranes (Fig. 6 m/z
217). In the m/z 191 mass chromatograms, C,, TT, C,; TT and C,,
TT peaks were predominant in the TTs distributions, and penta-
cyclic terpanes were dominated by des-A-oleanane, oleanane
and C,, af hopane. In particular, a remarkable abundance of the
T isomer was found in the analysed bicadinanes (Fig. 6 m/z 412),
and oleanane reflected a higher abundance relative to C;; af ho-
pane (Fig. 6 m/z 191), indicating significant OM contributions
from terrigenous higher plants, including typical Diptero-
carpaceae plants.

4 Discussion

4.1 Thermal maturity

The twenty-seven available vitrinite reflectance (R,) values
collected in this study ranged from 0.61% to 1.15%, and all
reached the oil-generation threshold of 0.5%, and 77.8% of those
were within their thermally mature stage (0.7%-1.3%). R, and
burial depth exhibited a positive correlation (with a reduction in
water depth) (Fig. 7a), and the R values of the lower Oligocene
SRs (average of 0.93%) were generally higher than those of the
overlying E,l (average of 0.80%) and N;s (average of 0.64%) strata.
Consistently, the thirty-seven available T, , values (for the meth-
ods of R and T, , measurements, refer to Ding et al. (2021))
were in the range of 400-451°C, among which 86.5% of these val-
ues reached the low-maturity threshold of 435°C, and 71.4% of
samples were in their mature stage (440-460°C). Peters et al.
(2005) reported that oils and SRs with high CPI or OEP ratios (ex-
perientially, >1.2) indicate low maturity and land plant inputs,
while values of ~1.0 may arise from a predominance of marine
inputs and/or thermal maturation; in particular, the values less
than 0.8 are specific for low-maturity oils or bitumens from car-
bonatite. The relative amounts of sterane and terpanes isomeriz-
ation are highly related to the parent material source, deposition-
al environment and thermal maturity of OM, i.e., the C,,
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C,4 20R ff/(a0+pp) sterane (c) for samples of rock extracts and drill stem test oils. “O” in the legend presents oil samples.

af/(af+pa) hopane, C,; 225/(22S+22R) homohopane, sterane
stereoisomers C,q f/(ao+pp) and C,y 20S/(20R+20S) ratios are

specific for OM in the immature to mature stages (Ahmed et al.,
2012; Hakimi et al., 2018; Peters et al., 2005). During burial heat-
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ing, the biologically-carried R-configurations at C-20 in steroid
precursors or at C-22 in hopane precursors are converted gradu-
ally to a mixture of R and S diastereomers; for example, the end-
points of the C,q 20S/(20R+20S) steranes are 0.52-0.55, and the
equilibrium values of the C;;- or C;, 225/(22S+22R) homo-
hopane are 0.57-0.62. While a more stable f-configuration is
formed with increasing thermal maturity when the asymmetric
centre is not part of a ring, for instance, the high contents of Cy,
of hopane relative to moretane indicate a peak hydrocarbon gen-
eration window (Ahmed et al., 2012), and the endpoints of the
C,q B/ (aa+ff) steranes ratios are 0.67-0.71 (Peters et al., 2005;
Seifert and Moldowan, 1986). As shown in Figs 7b and c, the CPI
and OEP values of most samples were between 0.9 and 1.2; cor-
respondingly, the sterane stereoisomer ratios of C,, 20S/(20R+
20S) steranes and C,q S8/ (a0+pp) steranes were mostly near or at
their corresponding thermal equilibrium values, indicating that
these samples were dominant in the low-maturity to mature
stage, except for several Sanya SRs that exhibited either low ma-
turity or terrigenous OM inputs. This finding can also be suppor-
ted by the maturity-related biomarkers mentioned in Section 3.2,
including the Ts/(Ts+Tm), C;, af/(fa+af) hopane and C;,
225/(22S+22R) homohopane ratios. Additionally, the geochemic-
al signatures of DST oils from Well BD-3 in E,l,, which originated
from the E,;y SRs, can be used to verify that the lower Oligocene
SRs reached the oil window due to the Ts/(Ts+Tm) (average of
0.68), C,, af/(fa+ap) hopane (average of 0.91) and C,, 225/
(22S8+22R) homohopane (average of 0.45) ratio indicators, as well
as the standard plates shown in Figs 7b and c.

4.2 Depositional environment

The depositional environments of ancient sediments can be
inferred using aliphatic biomarkers, e.g., the n-alkane distribu-
tions and relative abundances of isoprenoids (discussed in Sec-
tion 3.1), the gammacerane content over C,, of hopane (men-
tioned in Section 3.2), and the relative proportions of C,,-C,q aca
20R steranes (described in Section 3.3).

The cross-plots of Ph/nC, 4 versus Pr/nC,, (Fig. 3) and C,,/C,q
aoa 20R steranes versus Pr/Ph ratios (Fig. 8) constructed herein
illustrate that the sediments deposited during the early Oligo-
cene to early Miocene contained dual terrestrial and marine OM
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Fig. 8. Cross-plot of the C,,/C,q aoa 20R steranes versus the
Pr/Ph ratio for all analyzed samples from the lower Oligocene to
lower Miocene in the Qiongdongnan Basin. “O” in the legend
presents oil samples. OM: organic matter.

deposited under anoxic-oxic environments. The various gamma-
cerane contents (0.04-0.31 over C,, af hopane) in all samples in-
dicated that these marine-terrigenous sediments were deposited
in a transitional water environment within the study area corres-
ponding to the incremental water depth from the early Oligo-
cene to the early Miocene.

4.3 Composition of OM

Source-related biomarkers derived from aliphatic hydrocar-
bon fractions in sediment extracts have been widely applied to
reconstruct palaeovegetation compositions over geologic time
(Alexander et al., 1988; Chattopadhyay and Dutta, 2014; Ding et
al., 2021; Haberer et al., 2006; Hautevelle et al., 2006; Izart et al.,
2015; Jiang and George, 2018; Otto et al., 2005; Paul et al., 2015;
Van Aarssen et al., 2000). For instance, a high C,, TT peak is in-
dicative of abundant aquatic OM contribution (Preston and Ed-
wards, 2000); oleanane peaks are a sign of angiosperm OM that
evolved during the late Cretaceous or younger (Andrusevich et
al.,, 1998; Grantham et al., 1983; Ten Haven and Rullkétter, 1988;
Mathur, 2014; Moldowan et al., 1994; Philp and Gilbert, 1986;
Rudra et al., 2017; Simoneit et al., 2020); C,4 steranes likely stem
from vascular plant-derived C,, sterols (Huang and Meinschein,
1979; Volkman, 2005); and the W, T isomers of bicadinanes are
thought to be derived from the dammar-type resins of tropical
Dipterocarpaceae plants.

Taking a series of n-alkane ratios into consideration, the
moderate ACL values and large TAR ratio ranges measured in all
samples indicated mixed OM inputs to the analysed lower Oligo-
cene-lower Miocene SRs, while the partial presence of shorter n-
alkane chain lengths and minor TAR values also pointed to dom-
inant contributions from marine phytoplankton- and algal-de-
rived OM, and the relatively high CPI and OEP values (>1.2), ex-
tremely high TAR values (up to 8.03) and long n-alkane chain
lengths were indicative of terrestrial higher plant-dominant
sources.

The general presence of angiosperm-derived biomarkers, in-
cluding oleanane, des-A-oleanane, des-A-ursane, and taraxerane
peaks, as well as the varying bicadinane amounts in all analysed
samples, indicate the wide contributions of angiosperms such as
myrtles and Dipterocarpaceae. Moreover, the extremely high
oleanane amount in model C suggested angiosperm-dominant
OM to its SRs. However, no explicit correlation between oleanane
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tracts and drill stem test oils. “O” in the legend presents oil
samples.
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and the (W+T) isomers of bicadinanes was found (Fig. 9). The
(O+DAO+Ta)/Cy, H values measured in all the samples exhib-
ited an increase in average values from the lower Oligocene
(0.27) to the upper Oligocene (0.42) and to the lower Miocene
(0.49), indicating that angiosperms (e.g., myrtles) played an elev-
ated role in palaeofloras from the early Oligocene to the early
Miocene. This finding is further corroborated by the higher C 4
TT abundances and larger C,, TeT/C,; TT values in the E;I-N;s
sediments relative to those in the E;y SRs. In contrast, moderate
to high abundances of C,; TT (C,; TT/C,, TT ratios~0.82-2.61) in
the CQB SRs pointed to significant contributions from aquatic
OM, and the higher values in the E,y SRs (average of 1.95) com-
pared to those in El-N;s strata (average of 1.57) are indicative of
more contributions from aquatic OM to the E,y sediments than
to the E;I-N;s SRs.

Steranes are derived from sterols in algal organisms and high-
er land plants. Regular C,; steranes are generally accepted to be
indicative of marine phytoplankton, zooplankton and algal
sources, while regular C,q steranes have been regarded as fea-
tures of terrestrial plants and diatoms. Moreover, significant
abundances of regular C,4 steranes are highly specific in their in-
dication of lacustrine algal organisms (Jiang and George, 2018;
Volkman, 2005). As shown in the ternary diagram displaying the
relative proportions of C,,, C,g, and C,q aaa 20R steranes (Fig. 10),
the positions of all available samples were intensively located in
the region where suggesting mixed terrestrial and aquatic OM
sources (corresponding to model C), with partial N;s SRs domin-
ated by terrestrial sources (corresponding to model D). The
cross-plot of the C,,/C,4 aoa 20R steranes versus the Pr/Ph ratio
(Fig. 8) shows that the compounds in all the samples were char-
acterised by mixed contribution from terrigenous and marine
OM under sub-anoxic to anoxic environmental conditions. The
terrestrial-dominant SRs were interpreted to be developed
mainly in the Lingshui-Sanya formations and deposited in sub-
oxic to oxic environments, compared to the anoxic to sub-anoxic
conditions of Yacheng Formation.

The Red River has been reported to be a stable source
provenance for the central Canyon in the CQB, exhibiting a large
transport rate (>100 Mt/a) since the late Oligocene (Fyhn et al.,
2019; Lei et al., 2019; Zhao et al., 2015); in contrast, along the
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Fig. 10. Ternary diagram of the C,,;-C,4-C,4 aaa 20R steranes for
the rock extracts and drill stem test oils in the Qiongdongnan
Basin. “O” in the legend presents oil samples.

north-western margin of the CQB, the deposits are dominated by
the subordinate Hainan Island provenance (Fyhn et al., 2019; Li
etal., 2019; Wang et al., 2016; Zhao et al., 2019). Terrigenous OM
and clastic fragments were transported into this studied margin-
al marine environment through the source-to-sink Red River and
Hainan Island systems, causing the marine-terrigenous SRs ana-
lysed herein to be specific to the transitional water environments
in continental marginal basins, such as the Qiongdongnan Basin.

In summary, aquatic organisms and terrigenous higher plants
are vital components of OM in CQB SRs. Combined with the
above interpreted aliphatic biomarker signatures of early Oligo-
cene—early Miocene SRs in the CQB, the roughly increased terri-
genous OM input to ancient sediments from the E,y stratum to
the N;s stratum was observed in this study. The exact variations
in the contribution from terrestrial higher plant-derived OM dur-
ing the late Oligocene—early Miocene could be visually exhibited
in Well BD-1 (Fig. 11), characterized by a terrigenous OM enrich-
ment in the E;l;-N;s, transitional period; this finding was consist-
ent with the indication of the bulk geochemical parameters of the
SRs herein, in which the total organic carbon (TOC) and free hy-
drocarbons + potential hydrocarbons (S,+S,) (the analytical
methods for TOC, S, and S,, refer to Ding et al. (2021)) gradually
increased during the depositional period from E,l, to N;s,, and
they were especially enriched in E;1,-N;s, strata (Fig. 12);
however, this discovery was realized on the basis of a finite data-
set; nevertheless, it can also be reinforced by the idea that a
prominently higher abundance of angiosperm-dominated OM
was deposited in the E,l,-N;s, strata (approximately 24.9-
18.3 Ma) than in the other underlying formations (during 28.4-
24.9 Ma) (Ding et al., 2021), and the discovery was further corrob-
orated by Oligocene palynological records in the South China
Sea, which indicated that the palaeoclimate gradually changed
from tropical/subtropical conditions to temperate conditions
after the late Oligocene (Ding et al., 2021; Wu et al., 2003).

5 Conclusions

The aliphatic hydrocarbons in the fifty-four lower Oligocene-
lower Miocene rock samples and three oils from the CQB were
analysed in this study to investigate their thermal maturity, de-
positional environments and OM sources.

(1) Maturity-sensitive indicators such as isomerisation ratios
of sterane and hopanes, together with Ro and T, ,, values, sug-
gest that the thermal maturity of the samples have predomin-
antly reached the early oil-generation window but have not ex-
ceeded the peak oil windows, except for some immature Sanya
Formation shales.

(2) The terrestrial-dominant SRs developed mainly in the
Lingshui-Sanya formations and were deposited in sub-oxic to ox-
ic environments compared to the anoxic to sub-anoxic condi-
tions of the Yacheng Formation. The OM in all the samples was
predominantly characterised by mixed contributions from terri-
genous and marine OM under anoxic to sub-anoxic environ-
ments, suggesting a transitional aquatic environment of these
terrigenous-marine SRs in the continental margin basin.

(3) Both terrestrial higher plant- and aquatic-derived OM
contributed to the lower Oligocene-lower Miocene SRs in the
CQB but have varying relative contributions to the OM. Four
source analytical models of OM in CQB SRs were interpreted in
this study. Model A to model D have increased contributions of
terrigenous OM. Additionally, angiosperms played an enhancing
role in palaeofloras from the early Oligocene to the early Mio-
cene, and the bloom of terrigenous higher plants was observed
during the deposition of E;]; to N;s, strata.
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Fig. 11. Cross-plot of terrestrial-derived indicators versus depths from middle lingshui Formation to lower Sanya Formation in Well
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Appendix: Structures of some compounds mentioned in the text

I tricyclic terpanes 1I C,, tricyclic terpanes 11T hopanes IV oleanane

VI des-A-lupane VIII taraxastane

IX gammacerane X cis-cis-trans-bicadinane (W) XI trans-trans, trans-bicadinane (T) XII steranes
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