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Abstract

The increase of total organic carbon content of the late Oligocene-early Miocene terrigenously-dominated
marine shales in the shallower depth intervals was reported in the Ying-Qiong Basin, South China Sea. The
organic enriched lower Sanya Formation shales (early Miocene) have biomarker characteristics of
tropical/subtropical plants, with abundant high molecular weight n-alkanes, angiosperm-derived oleanane,
rearranged oleananes I, II, II, tricyclic/tetracyclic terpanes including des-A-oleanane, X, *, Y, Z, Z1 and
bicadinanes W, T, T1, R. The biomarker characteristics are suggestive of larger influx of the dominant
tropical/subtropical angiosperms in flora under a warming and more humid climate during depositions of the
lower Sanya Formation (early Miocene) than the older Lingshui Formation (late Oligocene). The tropical/
subtropical angiosperm input was thought as the prime control of terrigenous organic matter enrichment relative
to the redox condition, and the coeval sea level changes and seafloor spreading in the South China Sea.
Enrichment of the terrigenous organic matter in the early Miocene shales is likely in association with the coeval
peak East Asian summer monsoon intensity in the South China Sea.
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1 Introduction

There was a gradual warming since about 25.5 Ma on the
earth which caused the melting of the permanent ice sheets in
Antarctica and the Northern Hemisphere, as mainly evidenced
by the negative excursion of marine benthic foraminiferal 5180
records (Zachos et al., 2001). The period during late Oligocene-
early Miocene in the South China Sea witnessed an increase of
the East Asian monsoon intensity which caused the warming and
more humid climate (Wan et al., 2007, 2010; Ding et al., 2021).
Hence, the East Asian climate has been characterized as having a
distinctive difference of desertification in Asian interior predom-
inately influenced by the East Asian winter monsoon, and the hu-
mid monsoonal region under the influence of abundant annual
precipitation brought by the East Asian summer monsoon in
southern China and the southern China Sea (Fig. 1b) (Guo et al.,
2002; Sun and Wang, 2005; Qiao et al., 2006; Spicer et al., 2014; Clift
etal., 2015; Song et al., 2018).

Higher plant-derived biomarkers including some sesquiter-
penoids, diterpenoids, and triterpenoids, and their derivatives

are biologically informative molecules that can be used to
indicate certain types of plants. For example, diterpenoids and
related aromatic compounds originate from gymnosperms
(Otto et al., 1997; Hautevelle et al., 2006). Triterpenes with
oleanane-, ursane- and lupane-type skeletons, and their derivat-
ives in aliphatic and aromatic fractions, are derived from
various precursors including f-amyrin that can be synthesised
by almost all angiosperms (Grantham et al., 1983; Ten Haven
and Rullkotter, 1988; Murray et al., 1997). Bicadinanes are de-
rived from polycadinene, a resinous polymer produced by
tropical/sub-tropical angiosperms such as the Dipterocarpaceae
(Van Aarssen et al., 1992; Murray et al., 1997; Nytoft et al., 2010).
Variations of relative abundance variations of these higher
plant-derived compounds and climate variations over geological
time are particularly relevant in those areas where the flux of
terrigenous organic matter to the marine environment is
high (Hinrichs and Rullkétter, 1997b; Edwards et al., 2004;
Cesar and Grice, 2019). For example, the oleanane index
(oleanane/Cy, af hopane) and the angiosperm/gymnosperm in-
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Fig. 1. Map of global palaeogeographical features at 29-20 Ma (a), present map of the regional geographical features and Asian
monsoonal features relevant to the Ying-Qiong Basin (b), and map of the Ying-Qiong Basin south of Hainan Island in the South China
Sea, showing the well locations from which samples were obtained, and the structural divisions of the Ying-Qiong Basin (c). In a, the
red empty rectangle represents the location of the Ying-Qiong Basin; this map is adapted from Golonka et al. (2006). In b, the light red
colored arrow and the light white arrow indicate the general directions of the East Asian summer monsoon and the East Asian winter
monsoon, respectively; the red dotted line in a represents the location and boundary of the Ying-Qiong Basin. In ¢, © and @ indicates
the two large faults in the Ying-Qiong Basin.
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dex (AGI)!)) were measured in aliphatic hydrocarbon fractions
(Killops et al., 1995; Nakamura et al., 2010), and were used to
characterize the variation of angiosperm plants and gymno-
sperms in floral composition, and then to infer coeval the region-
al or even the global climate change during geological periods.

Terrigenous organic matter enrichment in high-quality mar-
ine source rocks is mainly influenced by the large influx of terri-
genously-dominated organic matter due to a dominance of high-
er plant materials provided by large rivers and deltas, in many
sedimentary basins, including the Amazon fan (Boot et al., 2006;
Van Soelen et al., 2017), the Niger Delta (Samuel et al., 2009;
Akinlua and Torto, 2011), the Gulf of Mexico (Goni et al., 1997;
Waterson and Canuel, 2008), the northern and northwestern
South China Sea (Zhang et al., 2014, 2019; Liu et al., 2016; Ma et
al., 2019; Sun et al., 2020; Ding et al., 2021, 2022a; Wang et al.,
2021b), the East China Sea Basin (Wang et al., 2021a), and some
parts in the deep-sea sediments (Holtvoeth et al., 2001; Mignard
etal., 2017). In addition, sea level changes, redox conditions, ter-
rigenous supply mainly influenced by the regional tectonic uplift
and strengthened physical erosion of the source area likely exert
a control on the terrigenous organic matter enrichment in the
marine environment (Li et al., 2006; Huang and Tian, 2012;
Mignard et al., 2017; Van Soelen et al., 2017; Jiwarungrueangkul
etal., 2019; Zhang et al., 2019). Previous study in Liu et al. (2016)
suggested that the formation of fluvial sediments in surrounding
drainage systems in the South China Sea was controlled princip-
ally by the East Asian monsoonal climate with warm temperat-
ure with high precipitation and subordinately by tectonic activity
and specific lithological characteristics. Specifically, the East Asi-
an monsoonal climate which was dominated by the summer
monsoon in the South China Sea brought extra annual precipita-
tion, which intensified the physical erosion of the drainage
source area in the warm and humid condition (Wang et al., 1999;
Clift et al., 2002, 2014; Wan et al., 2007, 2010; Hu et al., 2012). This
process also results in larger flux of terrigenous organic matter
along with the fluvial clastic debris mainly through the river-delta
system to the lower continental slope in the South China Sea
(Huang et al., 2016b; Jiwarungrueangkul et al., 2019; Sun et al.,
2020; Ding et al., 2021; Wang et al., 2021b). For the influx of the
terrigenous organic matter, there are mainly two main process of
terrigenous organic matter transportation from the continent to
the ocean: river discharge and eolian dust export (Dahl et al.,
2005; Mignard et al., 2017; Jiwarungrueangkul et al., 2019), in
which most of the terrigenous organic matter at low latitudes like
the South China Sea were mainly transported to the oceans
through the river discharge (Zhao et al., 2015; Ma et al., 2019;
Zhang et al., 2019; Wang et al., 2021b). However, the enrichment
of the terrigenously-dominated organic matter during the warm-
er and humid early Miocene and the middle Miocene in the
South China Sea were not deeply investigated. Additionally, the
controlling factors of terrigenous organic matter in the marginal
marine environment of the northwestern South China Sea and
the influence of the East Asian monsoonal climate on the terri-
genous organic matter enrichment remains obscure.

In this study, in addition to the bulk organic geochemistry
study on the large quantity of the late Oligocene—early Miocene
shales in the Ying-Qiong Basin, more specific plant biomarkers
than in previous studies were tentatively analyzed to trace the
variation of the plant types in flora and climate change during the

corresponding geological interval. Correlations between the or-
ganic matter enrichment in shales and sedimentary environ-
ments of organic matter, variations of plants in flora, climate and
regional tectonic movements were conducted to analyze the con-
trolling factors of terrigenous organic matter enrichment in the
northestern South China Sea. This work will be beneficial for un-
derstanding the development of high-quality terrigenously-dom-
inated marine source rocks in the northern South China Sea.

2 Geological settings

2.1 Geological background

The Ying-Qiong Basin includes the Yinggehai Basin and the
Qiongdongnan Basin, which is located in the northeastern con-
tinental shelf of the South China Sea (Figs 1a and b). Sediment-
ary strata of the Ying-Qiong Basin consist of the Eocene Lingtou
Formation, the Oligocene Yacheng and Lingshui formations, the
Miocene Sanya, Meishan and the Huangliu formations, and the
Pliocene Yinggehai Formation. For a detailed description of the
stratigraphy and structural movements of the study area, refer to
Ding et al. (2021).

Source rocks in the Qiongdongnan Basin are mainly terrigen-
ously-dominated shales in the Oligocene Yacheng and Lingshui
formations, with their vitrinite reflectance (R,)>0.6% (Huang
etal,, 2003; Ding et al., 2018, 2021; Wu et al., 2018; Zhang and
Feng, 2021). The Eocene lacustrine Lingtou Formation, to our
knowledge, was only drilled in one new well in the Songtao low
uplift during the year 2022. Coal-bearing source rocks with high
terrigenous organic matter content were mainly found the
Yacheng Formation in the Ya'nan and Yabei sags (Huang et al.,
2003; Zhou et al., 2003; Xiao et al., 2006; Zhao et al., 2021). Shales
in the shallower upper Yacheng-Lingshui-Sanya-Meishan forma-
tions were mainly deposited in littoral to neritic faces in the
Qiongdongnan Basin (Ding et al., 2021; Feng et al., 2021). In the
neighboring Yinggehai Basin, source rocks characterized by a
dominance of Type III-II, organic matter in hydrocarbon genera-
tion window include shales in the Sanya and Meishan forma-
tions (Huang et al., 2003, 2005; Zhang et al., 2021), which were
mainly deposited in littoral to neritic environment (Ding et al.,
2021, 2022b; Fan et al., 2021). Shales in the deeper buried Oligo-
cene Yacheng-Lingshui formations were not drilled in the
Yinggehai Basin, which were thought as not the major source
rocks due to that they were not well-developed in this basin
(Huang et al., 2005, 2009).

2.2 Age controls

The age controls of the sedimentary rocks were confirmed us-
ing the nannofossil biostratigraphy, including the records of cal-
careous nannofossils and planktonic foraminifers, which were
obtained from samples in many wells drilled by the China Na-
tional Offshore Oil Corporation (CNOOC) in the Ying-Qiong
Basin. The detailed ages of each formation refer to the age-depth
model of the late Oligocene-Miocene sedimentary rocks in the
Ying-Qiong Basin in Ding et al. (2021). Specifically, the forma-
tion interfaces and their ages in the Ying-Qiong Basin are: T80—
T70 (36.0-28.4 Ma, the Yacheng Formation), T70-T62 (28.4—
25.5 Ma, the lower Lingshui Formation), T62-T61 (25.5-23.8 Ma,
the middle Lingshui Formation), T61-T60 (23.8-23.0 Ma, the up-
per Lingshui Formation), T60-T51 (23.0-18.3 Ma, the lower San-

DAGI = angiosperm/gymnosperm index = [m/z 191 (des-A-oleanane+des-A-lupane+des-A-ursane+oleanane)]/[m/z 191
(isopimarane)] x [m/z 123 (isopimarane)]/[m/z 123 (8f(H)-labdane+19-nor-isopimarane+rimuane+C, 4-17-nortetracyclane+ent-
beyerane-+isopimarane+16f3(H)-phyllocladane+ent-16p(H)-kaurane)]. Reference is Killops S D, Raine ] I, Woolhouse A D, et al. 1995.
Chemostratigraphic evidence of higher-plant evolution in the Taranaki Basin, New Zealand. Organic Geochemistry, 23(5): 429-445.
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ya Formation), T51-T50 (18.3-16.0 Ma, the upper Sanya Forma-
tion), T50-T41 (16.0-13.4 Ma, the lower Meishan Formation),
T41-T40 (13.4-10.5 Ma, the upper Meishan Formation), T40-T31
(10.5-8.2 Ma, the lower Huangliu Formation), T31-T30 (8.2—
5.3 Ma, the upper Huangliu Formation).

3 Samples and analytical methods

In the late Oligocene-middle Miocene strata of the Qiong-
dongnan Basin, Rock-Eval pyrolysis and TOC measurement were
conducted in 103 shales samples in Well Y7-4 (the Ya’nan Sag),
86 shale samples in Well L2-1 (the Lingshui Sag), 49 shales in
Well S36-1 and 44 shales in Well S24-1 (the Songnan Sag), 53
shales in Well B19-2 and 61 shale samples in Well B20-1 (the
Baodao Sag). In the Yinggehai Basin, 28 cuttings from Well H29-1
were collected for total organic carbon analyses. Two sidewall
cores and 8 cutting samples from Well H29-1 in the Yinggehai
Basin, 19 cutting samples from Well B19-2 and 9 cutting samples
from Well S29-1 in the Qiongdongnan Basin were collected for
aliphatic biomarker analyses. The location of each well was
shown in Fig. 1c.

A summary of parameters including the data ranges, average
values and sample amounts of the measured total organic car-
bons (TOC), vitrinite reflectance (R,) and pyrolysis data are con-
cluded in Table 1. All the original data of the shale samples from
these 7 wells are included in Supplementary Table S1.

3.1 Rock-Eval pyrolysis and total organic carbon analyses

After rinsing with deionized water and menthol to remove the
possible surficial contamination, the angular-shaped cuttings
and sidewall cores were powdered into 200 mesh for Rock-Eval
pyrolysis and TOC analysis. Rock-Eval pyrolysis was conducted
on a Rock-Eval VI to measure the amounts of free hydrocarbons
(S,), potential hydrocarbons (S,) and the temperature of maxim-
um generation (7,,,). The TOC was measured on a Leco CS344
analyser, after the samples were preprocessed with 5% dilute hy-
drochloric acid for 12 hours to remove the carbonate minerals
and then were rinsed with deionised water more than 50 times to
completely remove residual hydrochloric acid.

3.2 Vitrinite reflectance measurement
Samples were crushed and added with 10% hydrochloric acid

to eliminate carbonates and 40% hydrofluoric acid to eliminate
silicates. The extracted kerogen were embedded in liquid epoxy
resin, polished to a smooth surface, and desiccated for 12 h. R
was measured using a Leica MPV-SP microphotometer under an
oil-immersion objective lens that was calibrated using a double
calibration method using two R, standards. The samples were re-
measured if the measurement deviation of the standard samples
was greater than £0.02%. The statistic median value among 35-50
countered data was recorded for each sample, with the average
R, reported in Supplementary Table S1.

3.3 Solvent extraction, fractionation and gas chromatography-

mass spectrometry

The rinsed and powdered shale samples were solvent extrac-
ted using dichloromethane in a Soxhlet apparatus for 72 h. As-
phaltenes in the extractable organic matter were precipitated us-
ing excess n-hexane to leave the soluble maltenes. The maltenes
were separated by column chromatography into aliphatic hydro-
carbons (elution with n-hexane) and aromatic hydrocarbons
(eluted with n-hexane: dichloromethane, 1:2, v:v). The aliphatic
hydrocarbons were analyzed by gas chromatography-mass spec-
trometry (GC-MS) on an Agilent 6890 GC interfaced to an Agilent
5973 mass selective detector (ionisation source operated at an
electron impact energy of 70 eV). An HP-5MS fused silica capil-
lary column was used (30 mx0.25 mm, film thicknesses 0.25 pm).
The oven temperature was programmed to start at 20°C (hold for
1 min), increased to 100°C at 20°C /min, and from 100°C to 310°C
at 3°C /min, with a final hold of 18 min. Helium was used as the
carrier gas at a flow rate of 1.0 mL/min. The aromatic hydrocar-
bons were not analyzed by GC-MS due to the contamination of
some shale samples.

4 Results

4.1 Rock-Eval pyrolysis, vitrinite reflectance data and source rock
quality
In the Qiongdongnan Basin, the deeper buried shales in the
upper Yacheng Formation mostly have higher T, ,, (422-453°C;
average 439°C) and lower hydrocarbons index (HI; 58-100 mg/g
TOC; average 74 mg/g TOC) than other formations (Table 1).
Shales in the lower Lingshui Formation have T, , ranging from

Table 1. Summary of data ranges, average values and sample numbers of the measured total organic carbons, vitrinite reflectance

and pyrolysis data of the shale samples in the Ying-Qiong Basin

Formation TOC/% R,/% Tpa/°C S rock/(mg-gl)  S,rock/(mgg!) S +S,rock/(mgg') HITOC/(mgg?)
Upper Meishan ~ 0.32-0.78  0.42-0.63  412-427 0.01-0.56 0.16-3.21 0.17-3.37 55-428
0.44 (20) 0.52(6)  422(22) 0.09 (22) 1.01 (22) 1.10 (22) 177 (22)
Lower Meishan ~ 0.07-0.33  0.35-0.65  406-432 0-0.29 0.02-4.17 0.02-4.33 8-479
0.33(50)  0.53(11)  416(39) 0.04 (49) 0.37 (49) 0.40 (49) 81 (49)
Upper Sanya 0.08-1.09  0.37-0.67 412-435 0-0.32 0.04-3.37 0.04-3.60 10-396
0.46 (77)  058(22)  425(76) 0.07 (77) 1.33(77) 1.42(77) 180 (62)
Lower Sanya 0.18-2.9  0.39-0.95  403-447 0-0.65 0.07-6.41 0.07-7.01 18-434
0.72(81)  0.62(27)  430(74) 0.15 (75) 1.41 (75) 1.55 (75) 132 (37)
Upper Lingshui ~ 0.14-2.40  0.61-0.74  407-450 0.01-0.67 0.02-5.10 0.06-5.77 11-226
0.67 (38) 0.66(8)  427(32) 0.15 (38) 0.94 (38) 1.10 (38) 97 (38)
Middle Lingshui ~ 0.11-1.37  0.63-0.86  420-441 0-1.13 0.02-2.64 0.03-2.89 10-313
0.51(72) 0.72(16)  428(33) 0.16 (62) 0.68 (62) 0.84 (62) 102 (62)
Lower Lingshui ~ 0.16-2.02  0.72-0.88  425-445 0.01-0.41 0.09-2.42 0.10-2.67 9-310
0.51(45)  0.77(10)  432(29) 0.12 (41) 0.77 (41) 0.89 (41) 138 (41)
Upper Yacheng  0.28-0.78  0.84-1.05  422-453 0-0.12 0.21-0.69 0.25-0.81 58-100
0.46 (19) 0.95 (7) 439 (8) 0.07 (8) 0.39 (8) 0.46 (8) 74(8)

Note: In a-b, a and b are minimum and maximum values, respectively; in ¢ (d ), cis the average value, and d is the sample numbers. All the
original data of the shale samples from these seven wells are shown in Supplementary Table S1.
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425-445C (average 432°C), S,+S, in the range of 0.10-2.67 mg/g
rock (average 0.89 mg/g rock), and HI of 9-310 mg/g TOC (aver-
age 138 mg/g TOC). The middle Lingshui Formation shales have
very close ranges of T, (420-441°C; average 428°C), §,+S,
(0.10-2.67; average 0.89 mg/g rock) and HI (10-313 mg/g TOC;
average 102 mg/g TOC) with the lower Lingshui Formation
shales. Pyrolysis data of shales in the upper Lingshui Formation
are characterized by S;+S, in the range of 0.06-5.77 mg/g rock
(average 1.10 mg/g rock) and HI of 11-226 mg/g TOC (average 97
mg/g TOC). It is noticeable that there are higher average values
of S, in shales of the upper and lower Sanya formations than oth-
er formations (0.37-1.01 mg/g rock), in which the lower Sanya
Formation shales have average S, of 1.41 mg/g rock and the up-
per Sanya Formation shales have average S, of 1.33 mg/g rock.
The lower Meishan Formation shales have slightly lower average
values of the above pyrolysis parameters, with average T,,,, of
416°C, average S;+S, of 0.40 mg/g rock, average HI of 81 mg/g
TOC, compared to the upper Meishan Formation. The upper
Meishan Formation has T, ,, values in the range of 412-427C
(average 422°C), S,+S, ranging from 0.17-3.37 mg/g rock (aver-
age 1.10 mg/g rock) and HI in the range of 55-428 mg/g TOC (av-
erage 177 mg/g TOC).

The vitrinite reflectance (R,) of shales in the Meishan Forma-
tion ranges from 0.35%-0.65% (average 0.53%; Table 1), indicat-
ing that the Meishan Formation shales are mostly under low ma-
turity stage. Most shales in the lower Sanya Formation are buried
deeper than the oil window, due to their generally higher R
(0.39%-0.95%; average 0.62%) than the upper Sanya Formation
(0.37%-0.67%; average 0.58%). Shales in the deeper buried strata
which are the upper Yacheng-Lingshui formations have higher
thermal maturity than the shallower Sanya-Meishan formations,

with R in the range of 0.61%-1.05%.

Shales in the upper Yacheng Formation and some shale
samples in the Lingshui-Sanya-Meishan formations are in poor
to fair quality (Fig. 2), which is almost consistent with previous
study in Ding et al. (2021). However, a dominance of shales from
middle Lingshui-Sanya formations was plotted in good-excellent
source rock quality area. In the seven wells in various sags of the
Qiongdongnan Basin, it is concluded that shales in the middle
Lingshui Formation and upper Lingshui-Sanya formations have
better source rock quality than in other formations (Figs 2c-h).
For example, some shales in the middle to upper Lingshui forma-
tions and lower Sanya Formation have excellent quality in the
Songtao low uplift (Figs 2b, c). Some shales in the above forma-
tions are characterized by good to excellent quality in Well B19-2
of the Baodao Sag (Fig. 2g) and in Well Y7-4 of the Ya'nan Sag
(Fig. 2h). Organic matter of the shales are mainly Type III-IL,,
and only some shale samples in the Lingshui-Sanya-Meishan
formations are interpreted to contain Type II, kerogen (Fig. 2b).

4.2 Biomarker characteristics

4.2.1 n-Alkanes and isoprenoids

n-Alkanes detected in the samples are mostly in the range of
nC,; to nCgg, due to partial evaporative loss of low molecular
weight n-alkanes (carbon number<15) during speration (Ahmed
and George, 2004). There are varying distribution patterns of n-
alkanes in shales in different formations (Fig. 3). For example, in
Well B19-2 of the Qiongdongnan Basin, shales in the lower-
middle Lingshui Formation have a unimodal profile of n-alkanes
with maxima at nC,,. The representative samples in the upper
Lingshui Formation sample (3 460 m) and lower Sanya Forma-
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Fig. 2. Scatter plots of S;+S, versus TOC (a), and T},
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versus HI of shales (b) in the Ying-Qiong Basin. Scatter plots of S,+S, versus TOC

of shales in Well L2-1 (c), Well $36-1 (d), Well S24-1 (e), Well B20-1 (f), Well B19-2 (g), Well Y7-4 (h). T,,,, indicates temperature of
maximum generation; S;+S, indicates free hydrocarbons+pyrolyzed hydrocarbons; HI is the hydrogen index, equals S,/TOCx100.
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tion (3 100 m) have the unimodal r-alkane distribution with
maximum at nC,, and nC,,, respectively. In contrast, the shal-
lower upper Sanya Formation shale sample (2 748 m) has a
bimodal n-alkane distribution with odd-over-even predomin-
ance, maximized at nC,4 and nC,4 (Fig. 3). In Well H29-1 of the
Yinggehai Basin, n-alkanes of shales in the lower part of the
Sanya Formation (3 578 m and 3 562 m) are characterized by a
bimodal distribution with a maximum at nC,4/nC,; or nC,/nCy,,
while shales in the upper part of the Sanya Formation (3 528 m)
and the lower Meishan Formation have a similar unimodal distri-
bution with a maximum at nC,4 or nC,,. In addition, two fine
sandstone samples in the lower part of the Sanya Formation have
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a dominance of high molecular weight n-alkanes (the maxim-
umed peak at nC,q or nCy,;) in n-alkane distributions, which in-
dicates the possible origin of the deeper buried source rocks in
lower Sanya Formation and/or older strata which have high
abundance of terrigenous organic matter.

The terrestrial/aquatic ratio (TAR) from Bourbonniere and
Meyers (1996) in shales of the Sanya Formation ranges from
0.93-8.15 (average 3.00), which are mostly higher than in other
formations (0.59-3.84; average 1.73). Similarly, the average chain
length of long-chain n-alkanes (ACL), which was defined as
(25xnC,y5+27%xnC,y,+29xNnC,g+31xNCyq,+33xNnC45)/(RCys+nCyr+
nC,g+nCsy,+nCy;) (Baas et al., 2000; Nott et al., 2000), has the
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Fig. 3. M/z 85 mass chromatograms of the late Oligocene—early Miocene shales in Well B19-2 and Well H29-1 showing the

distributions of n-alkanes.
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range of 27.78-28.90 (average 28.42), and is mostly highly than
the deeper buried Linghui Formation (26.86-28.21; average
27.51; Table 2). The shallower Meishan Formation shales have
ACL ranging from 27.5-28.94 with an average of 28.24. The Paq
index was defined as (nC,;+nC,5)/(nCys+nC,s+nC,g+nCy; ) (Fick-
en et al., 2000; Zhou et al., 2005; Nichols et al., 2014), and it
ranges from 0.35 to 0.78 (average 0.58). The carbon preference
index (CPL,, ,,) is mostly higher than 1.0 (0.86-1.71; average 1.15).

Isoprenoids including the pristane and phytane are abund-
ant compounds in the analyzed samples (Fig. 3). Pristane/phytane
(Pr/Ph) has relatively higher ratios in the upper Lingshui-Sanya
formations (2.16-4.79; average 3.40) compared to other forma-
tions (0.99-2.35; average 1.74), except four samples in the upper
part of the middle Lingshui Formation in Well B19-2 (3 878-
4 092 m; 2.53-4.54; average 3.47) and one sample in the middle
Lingshui Formation in Well §29-2 (4 020-4 022 m; 3.97). Pr/nC,,
ranges from 0.95-7.36 (average 2.64) and Ph/nC 4 has a range of
0.21-1.33 (average 0.68). The cross-plot Ph/nC,, versus Ph/nC,,
(after Shanmugam (1985)) of most of the shales suggests the
dominant Type IIl organic matter in the oxidising environment
(Fig. 4a), in which shales in the Sanya Formation, the upper and
middle Lingshui formations have more contribution from the
Type Il organic matter than other formations. Most of shales in
the upper Lingshui-Sanya formations were formed in the terri-
genously-dominated environment. Some Sanya Formation
samples of Well H29-1 and some shales in middle and lower
Lingshui formations of Well B19-2 are more marine-influenced
source rocks that were deposited in a less oxic environment with
greater algal input (Fig. 4b).

4.2.2 Tricyclic terpanes and other tricyclic and tetracyclic com-
pounds

The main tricyclic terpanes (TTs; Appendix Fig. A1) and tetra-
cyclic terpanes detected of all the shale samples are C,4—C,; tri-
cyclic terpanes, C,, tetracyclic terpane, des-A-oleanane (II) and
other tricyclic terpanes tetracyclic compounds including X, Y, Z,
71 (Fig. 5). C;4 TT and C,, TT relative to C,; TT vary among differ-
ent samples (Fig. 5). C;q TT/(C,9 TT+C,; TT) has the range of
0.16-1.00 in the upper Lingshui-lower Sanya formations (aver-
age 0.48), and are mostly higher than in other formations (0.10—
0.40; average 0.22).

In addition, 108(H)-des-A-oleanane (des-A-oleanane; II),
compounds X, *, Y, Z, Z1 were identified based on their mass
spectra and their relative retention time in m/z 191 mass chro-
matograms (Fig. 5). Lupane and des-A-lupane were not detected
in the studied samples. Des-A-oleanane elutes after C,, TT and it
has a mass spectrum characterized by a base peak at m/z 191, a
molecular weight of 330.3 Da, fragment ion at m/z 177.1 and m/z
315.3. The tricyclic terpanes X (III), Y (IV), and Z1 (VI) were first
detected and reported in a Niger Delta oil sample by Samuel et al.
(2010). X is C,, tricyclic terpane characterized by a key ion at m/z
275.2 with a molecular ion at m/z 290.2, and compound * was
thought as the possible steroisomer of compound X (Samuel et
al., 2010). Compound Y (V) has a C, tricyclic structure with
methylpentane substituents at C8 (Samuel et al., 2010), and it has
a base peak of m/z 346.2 and fragment ion at m/z 331.3 and m/z
261.2. Des-A-oleanane and compound Z were previously repor-
ted by Woodhouse et al. (1992), in which compound Z was iden-
tified as C,, 108(H)-des-A-ursane. Compound Z in this study was
tentatively identified as 108(H)-des-A-ursane, due to the frag-
ment ion at m/z 315.2, 245.2, a molecular ion at 330.0 Da and a
base peak at m/z 191.1 in its mass spectrum (Appendix Fig. A2).
However, this identification is questioned by the very lower
abundance of m/z 245.2 than in previous study in Woodhouse et
al. (1992). Spectrum of C,, tetracyclic terpane Z1 in this study was

characterized by a molecular weight of 372.3 Da, the fragment
triplet at m/z 219.1, 329.3, 357.3, which is consistent with spec-
trum reported by Samuel et al. (2010). The structures and mass
spectra of the compounds X, Y, Z, Z1 and des-A-oleanane were
shown in Appendix Fig. A1 and Appendix Fig. A2, respectively.

There are very low abundance of des-A-oleanane, *, X, Y, Z, Z1
relative to Cy, af hopane, with des-A-oleanane/C,, ot hopane in
the range of 0.01-0.17 (average 0.08), */C,, o hopane of 0-0.07
(average 0.02), X/C,, aff hopane of 0-0.10 (average 0.03), Y/C;, aff
hopane of 0-0.05 (average 0.01), Z/C,, af hopane of 0.01-0.06
(average 0.02), Z1/C,, aff hopane of 0.01-0.11 (average 0.05)
(Table 2).

4.2.3 Pentacyclic triterpanes and bicadinanes

Hopanes (VII) are derived from hopanoids that are mem-
brane lipids in prokaryotic organisms, or diagenetic products of
these lipids (Volkman, 2005). The distributions of hopanes in the
studied samples are dominated by C,,—C,; hopanes, in which
C,,—-C;, hopanes are the major compounds, and homohopanes
decrease steadily from Cj; to C; (Fig. 5). Ts/(Ts+Tm) ratio is
widely used as a maturity indicator, but is also influenced by vari-
able types of organic matter and depositional environmental dif-
ferences (Seifert et al., 1978). In Well H29-1 in the Yinggehai
Basin, shales in the Sanya Formation has Ts/(Ts+Tm) in the
range of 0.55-0.64 (average 0.60), mostly higher than in the other
formations (0.23-0.59; average 0.41). This is consistent with gen-
erally higher thermal maturity of shales in the Sanya Formation
in the Yinggehai Basin than most of the late Oliogcene-Miocene
shales in the Qiongdongnan Bain (Huang et al., 2003; Ding et al.,
2021). In contrast, there is no obvious difference of another
thermal maturity indicator C,; of hopane 22S/(22S+22R) among
samples, with C;; af hopane 225/(22S+22R) ranging from
0.44-0.60 (average 0.56). In addition, moderate to high abund-
ances of C;,—C,, 2a-methylhopanes were detected in all the
Lingshui-Meishan formation shales (Supplementary Fig. S1).

In the shale samples, compound oleanane (VIII) elutes be-
fore C, af hopane, with 18a(H)-oleanane and 34-methyl-24-nor-
18p(H)-oleanane as a doublet in m/z 191 and m/z 402 mass chro-
matograms (Fig. 5), and they were also reported in transition
4125191 in the Niger Delta oil sample (Nytoft et al., 2014). The
relatively unstable 33-methyl-24-nor-18a(H)-oleanane was not
detected possibly due to that it is generated during the quite early
diagenesis (Petersen et al., 2004). In addition, a doublet of
taraxastane (IX) including 190(H)-taraxastane and a possible 34-
methyl-24-nor-18f(H)-taraxastane before C;, af hopane 22R
were detected. There is varying abundance of oleanane and
taraxastane in the late Oligocene-Miocene shale samples. In the
three wells listed in Table 2, the oleanane index (oleanane/Cs, af
hopane) has higher ratios in shale samples in the upper
Lingshui-Sanya formations (0.36-1.59; average 0.64), which is
mostly higher than in the deeper buried lower Lingshui and
middle Lingshui formations. There is lower abundance of
taraxastane compared to oleanane, with taraxastane/C,, a8 ho-
pane ranging from 0.02-0.43 (average 0.12). Beside of the regular
oleanane and taraxastane, three rearranged oleananes including
I (Xin Appendix Fig. A1), II (XI in Appendix Fig. A1) and III (XII
in Appendix Fig. A1) were tentatively identified mainly based on
their mass spectra and relative retention time. All of the re-
arranged oleananes I, IT and III elute between Ts and C,q aff ho-
pane (Fig. 5) when analyzed by a 30 m HP-5MS column, withthe
same molecular weight of 412.3 Da and a base peak at m/z 191.1
(Appendix Fig. A2). The spectrum of compound I is character-
ised by a fragment triplet at m/z 369.3, 259.2 and 231.2, in which
the fragment m/z 369.3 has higher abundance, but is lower than
the fragment of m/z 397.3. This tentative identification of com-
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Fig. 4. Cross-plots of phytane/nC,, versus pristane/nC,, (a) and the C,, aaa 20R sterane/C,, aoa 20R sterane ratio versus the
pristane/phytane ratio (b) for the late Oligocene-early Miocene shales in the Ying-Qiong Basin.

pound I is questioned by the lower abundance of the m/z 397.3
fragment compared to the m/z 412.3, which is not completely
consistent with the spectrum published by Nytoft et al. (2010).
Compound II elutes between I and III, and has very low abund-
ance of fragment including m/z 219.1, 231.2, 259.2 compared to
the fragment of m/z 397.2 and 412.3. Compound III partly co-
elutes with C,4 af hopane when analyzed by a 30 m HP-5MS
column and it has pronounced fragment of m/z 342.3, m/z 302.3,
m/z231.2 and m/z 205.1 in its mass spectra (Nytoft et al., 2010)
(Appendix Fig. A2). The rearranged oleananes I, IT and III were
integrated in m/z 412 mass chromatogram to eliminate the inter-
ference of possible co-elution of lower molecular weight ho-
panes and oleanane type compounds (<C,,). I/C;, af hopane has
the range of 0.02-0.59 (average 0.24). II/C,, o hopane ranges
from 0.02-0.73 with an average of 0.25. ITI/C4, af hopane is in the
range of 0.02-1.53 (average 0.38).

Bicadinanes and some of their derivatives in aliphatic hydro-
carbons were detected and they have varying abundance among
samples. Cis-cis-trans-bicadinane (W; XIII), trans-trans-trans-
bicadinane (T; XIII) and bicadinanes T1 and R are 5-ring triter-
panes that were first found by Grantham et al. (1983) in South
Asia oils. The four bicadinanes including W, T, T1, R were repor-
ted in worldwide Tertiary and late Cretaceous oil samples (Ar-
manios et al., 1994; Nytoft et al., 2010; Mathur, 2014; Zhu et al.,
2018). The bicadinanes W, T, T1 and R have a pronounced frag-
ment of m/z 369.3 and m/z 412.4 in their mass spectra (Appendix
Fig. Al). Compound W has a dominant m/z 397.3 and other vari-
ous fragment. The spectrum of bicadinane T is characterized by
higher abundance of m/z412.3 and m/z 369.3 than fragment m/z
379.4. T1 shares a similar mass spectrum with T but compound
T1 has lower abundance of m/z 379.4 than T. Bicadinane R has a
dominant fragment triplet at m/z 412.4, 369.4 and 313.3, which is
inconsistent with other bicadinane compounds (Appendix Fig.
Al). Additionally, some derivatives of bicadinanes in aliphatic
hydrocarbon fractions including C;; methyl cis-cis-trans-bicad-
inane (C;; MeW), C,, methyl trans-trans-trans-bicadinane (Cj;
MeT) and C,; methyl T1 (C,; MeT1) were detected in m/z 383
mass chromatogram (Fig. 6). C,, bicadinane and two C,, sec-
bicadinane are also detected in m/z 151 and 207 mass chromato-
grams (Fig. 6) but in much lower abundance than W and T. Iden-
tifications of these bicadinane compounds were mainly based on
the relative retention time and mass spectra published by
Armanios et al. (1994) and Zhu et al. (2018). The bicadinane
parameter W/C,, aft hopane has the range of 0.01-1.00 with an
average of 0.20, mostly lower than T/C,, af hopane (0.05-3.89;

average 0.85). T1/C,, af hopane ranges from 0.01-0.79 (average
0.18) and R/C,, af hopane is in the range of 0.01-0.78 (average
0.17) (Table 2).

4.2.4 Steranes and diasteranes

Regular steranes (XV) are cycloalkanes derived from the ster-
ols in ancient organisms including eukaryotic photosynthetic al-
gae and higher plants. C,,-C,4 regular steranes and some diaster-
anes were detected in the studied shale samples (Fig. 5). Distri-
bution of regular steranes is characterized by higher abundance
of C,4 acta 20R sterane relative to its C,4 and C,, isomers in most
samples, with C,y/C,; aaa 20R sterane in the range of 0.88-2.99
(average 1.53). This indicates a terrigenously-dominated organic
matter in the shale samples, which is mostly consistent with the
interpretation of the dominant terrigenous contribution to the
organic matter from the cross-plot of C,,/C,4 aaa 20R sterane
versus Pr/Ph (Fig. 6). Isomerisation ratios of the C,q steranes can
be used for assessment of the thermal maturity of crude oils and
shales (Seifert and Moldowan, 1978). In Well H29-1, the
20S/(20S+20R) ratio in of C,, regular sterane isomers ranges from
0.35 to 0.51 (average 0.45), which is close to its equilibrium point
of 0.60. This ratio in shales of Well B19-2 is in the range of 0.12—
0.56 with an average of 0.38. In shale samples of Well §29-2, C,4
20S/(20S+20R) sterane ratio is in the range of 0.16-0.45 (0.35).

4.3 Total organic carbon content of shales

The TOC was measured in a total of 431 shale samples, in-
cluding 76 shales in Well L2-1, 67 shales in Well $36-1, 53 shales
in Well B19-2, 61 shales in Well B20-1, 44 shales in Well S24-1,
102 shales in Well Y7-4 in the Qiongdongnan Basin, and 28 shales
in Well H29-1 in the Yinggehai Basin. Average TOC values of
shale samples in the upper Lingshui Formation (0.67%) and the
lower Sanya Formation (0.72%) are relatively higher than other
formations (0.33%-0.51%) (Table 1). Specifically, TOC in the
lower Sanya Formation ranges from 0.18%-2.9%, and it has the
range of 0.14-2.40 in the upper Lingshui Formation. The upper
Sanya Formation shales have TOC values ranging from 0.08-1.09
(average 0.46). Shales in the upper Yacheng Formation to the
middle Lingshui Formation have TOC values in the range of
0.11-2.02 (average TOC ranging from 0.46-0.51). The shallower
Meishan Formation shales have relatively lower average TOC val-
ues than other formations, with an average values of 0.33% in the
lower Meishan Formation and of 0.44% in the upper Meishan
Formation. In Well H29-1 of the Yinggehai Basin, shales in the
Sanya Formation have TOC values in 0.35-0.45 (average 0.40),
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mostly higher than that in the lower Meishan Formation
(0.22-0.44; average 0.33).

In the depth plots of TOC in the above seven wells, TOC vari-
ations with depth in Wells Y7-1, L2-1, S36-1, S24-1, B20-1, B19-2
share the similar higher TOC values in the lower Sanya Forma-
tion than in other formations, although TOC values of the lower
Sanya Formation shales vary in different wells (Fig. 7). Addition-
ally, there is a trend of progressively higher TOC with decrease in
depth from the upper part of the middle Lingshui Formation to
the lower Sanya Formation, except in the Well S36-1 due to lack
of samples in the middle and upper Lingshui formations (Fig. 7).
Similarly, there is generally higher values of TOC in the Sanya
Formation than in shallower formations in Well H29-1 of the

Yinggehai Basin, although the lower Sanya Formation TOC data
were not available due to the lack of samples. The detailed TOC
values of all the shale samples in each well were shown in sup-
plementary tables.

5 Discussion

5.1 Higher plant influx and enrichment of the organic matter in
shales

5.1.1 Thermal maturity, sources and sedimentary environment of
the organic matter
Vitrinite reflectance has been widely thought as a reliable tool
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Fig. 7. Depth plots showing variations with depth of total organic carbon (TOC) in shales from seven wells in the Ying-Qiong Basin.
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(g), respectively. The lower left subfigure shows the locations of these wells.

to measure the thermal maturity of the organic matter in shales.
In the Qiongdongnan Basin, shales in the Lingshui-Yacheng
formations have R >0.6%, indicating that they are buried deeper
than the hydrocarbon generation window. In contrast, most of
the shallower buried upper Sanya-Meishan formation shales are
in immature to low maturity stage, with their R <0.6% (Table 1).
In addition, the lower Sanya Fomation shales in Wells S36-1, B19-
2, B20-1, and Y7-4 are in mature stage, with R >0.6% (Supple-
mentary Tables). The thermal maturity parameter of C,q 20S/
(20S+20R) steranes suggests that shales in the Sanya Formation
in Well H29-1 in the Yinggehai Formation mostly have higher
thermal maturity than the Lingshui-Sanya formations in Wells
B19-2 and S29-2 in the Qiongdongnan Basin.

The relative abundance of pristane (Pr) and phytane (Ph) has
been used to assess the depositional environments of organic
matter (Didyk et al., 1978), although thermal maturation is also a
control on the Pr/Ph ratio (Albrecht et al., 1976; Vukovi¢ et al.,
2016). Generally, high Pr/Ph ratios (>3) indicate a major terrigen-
ous input in an oxic environment, while low Pr/Ph ratios (<0.8)
suggest an anoxic sedimentary environment. Most shales in the
upper Lingshui Formation and the lower Sanya Formation have
Pr/Ph>3, suggesting an oxic environment. The cross-plot of
Ph/nC, 4 versus Pr/nC,, shows predominantly plant-derived Type
III organic matter deposited in an oxidising environment of all
the samples (Shanmugam, 1985). This is consistent with the
dominant contribution from higher plants to the Oligocene—early
Miocene shales in the Ying-Qiong Basin in previous studies
(Huang et al., 2003, 2012, 2016a; Ding et al., 2021, 2022a).

5.1.2 Higher plant-derived biomarker signatures

The odd-numbered long-chain n-alkanes (>1C,;) are diagen-
etic products of long-chain carboxylic acids that are mostly de-
rived from the leaf wax components of higher plants, whereas
shorter chain n-alkanes are typically derived from algae or other
aquatic organisms (Cranwell, 1973; Bourbonniere and Meyers,
1996). Terrestrial signatures can be inferred from various n-
alkane biomarker parameters, because vascular land plants and
emergent macrophytes contain large proportions of nC,,, nC,,,
and nC,, n-alkanes (Eglinton and Hamilton, 1967; Cranwell et al.,

1987; Ficken et al., 2000). TAR has been used to distinguish the
relative contribution from higher plants and lower aquatic organ-
isms to organic matter (Bourbonniere and Meyers, 1996),
although this parameter is likely influenced by thermal maturity.
For example, in shales of Well B19-2, there is an increase of TAR
from the upper part of the middle Lingshui Formation to the
lower Sanya Formation, but it is lower in the shallower buried
upper Sanya and lower Meishan formations (Fig. 8). Hence, the
dominant control on TAR from thermal maturity over source
input can be excluded. The variation of TAR in shales suggests
that there was a larger plant input in deposition periods from the
upper part of the middle Lingshui Formation to the lower Sanya
Formation.

The average chain length of n-alkanes (ACL) has been used to
evaluate the averaged n-alkanes distribution of higher plant
waxes (Eglinton and Hamilton, 1967). Three aspects including
temperature, aridity degree (moisture) in climatic conditions and
vegetation species exert controls on ACL in plant waxes (Diefen-
dorf et al., 2011; Bush and MclInerney, 2013). In this study, there
are markedly higher ACL values of the shale samples in the San-
ya Formation (average 28.42) than the deeper buried lower-
middle Lingshui formations (average 27.43) and shallower
Meishan Formation (average 28.21) in these three wells in Ying-
Qiong Basin (Table 2). This is mostly consistent with the increase
of TAR from upper part of the middle Lingshui Formation to the
lower Sanya Formation in the depth-plot of ACL in Well B19-2
(Fig. 8). Previous studies suggested that leaves of grasses (mostly
C, plants) produce large proportion of nC;, among n-alkanes,
with relative high ACL values (Cranwell, 1973; Rommerskirchen
et al., 2006). In addition, mangrove plants like Rhizophora
mangle have leaf wax n-alkanes with a dominance of nC,4-nCy;,,
with ACL ranging from 27.16 and 31.38 (average in 28.23+1.37)
(Kumar et al., 2019). However, these two scenarios were ruled out
due to the absence of the dominance of grasses or any mangrove
pollen in late Oligocene-early Miocene palynological records in
the Ying-Qiong Basin (Ding et al., 2021). It is suggested that ACL
values of plant waxes are positively related to the temperature
and precipitation during plant growth seasons, because vascular
plants tend to synthesize longer n-alkanes as their waxy coating
in warm and/or dry conditions (Gagosian and Peltzer, 1986;
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Fig. 8. Variation n-alkane parameters with depth of the late Oligocene-early Miocene shales from Well B19-2.

TAR=terrestrial/aquaticratio=(nC,,+nCyy+nCs,)/(nC,5+nC,+nC,,);ACL=averagechainlengthoflong-chainz-alkanes=(25x1C,5+27x1nC,+29xnCog+31x
nCjy,+33x1C33)/( NCys+nCyytnCag+nCq+1Csy5). Pag=(nC,y3+1nCys)/ (NCy5+nCystnC,ag+nCsy,).

Tipple and Pagani, 2013) compared to those in a colder climate
(Schefuf$ et al., 2003). Therefore, the most likely explanation of
higher ACL values in the Sanya Formation than in other forma-
tions is that a warmer climate occurred in the early Miocene than
in the late Oligocene period.

Paq proxy was used to indicate the relative contribution of
aquatic macrophyte relative to emergent and terrestrial plants in
the terrigenously-dominated organic matter (Ficken et al., 2000).
The generally lower Pagq ratio in the Sanya Formation than in the
deeper Lingshui Formation in Wells B19-2 and S29-1 (Fig. 8;
Table 2) suggest a dominant terrigenous higher plants contribu-
tion relative to aquatic macrophyte. Another n-alkane parameter
nC,,/(nC,,+nC,e+nCy,;) has the similar variation with TAR in
depth, showing that the dominance of terrigenous plants (C,
woody plants suggested by Ding et al. (2021)) in flora under the
warmest Sanya Formation depositional period.

Oleanane and rearranged oleananes are diagenetic products
of functionalized components from oleanene, f-amyrin (XV [ ),
and other 3f-functionalized pentacyclic triterpenoids in angio-
sperms, but does not have a specific source (Grantham et al.,
1983; Ten Haven and Rullkotter, 1988; Simoneit et al., 2020). Des-
A-oleanane is the product of A-ring degradation of oleanane-type
precursors including f-amyrin (Ten Haven et al., 1992; Samuel et
al,, 2010). Oleanane abundance relative to C,, a8 hopane known
as the oleanane index has been widely used to assess the contri-
bution of angiosperms to the organic matter (Philp and Gilbert,
1986; Mathur, 2014; Rudra et al., 2017; Guo et al., 2002). Terpanes
X, Y, Z, Z1 were found to be more abundant in shales with relat-
ively high oleanane index (Table 2; Fig. 6). It is proposed that X, Y
and Z1 are formed through the biosynthetic pathway of triterpen-
oids like f-amyrin, because these compounds have the trans con-
figuration that is similar with f-amyrin and 18a-oleanane
(Samuel et al., 2010). Rearranged oleananes including com-
pounds I, I, IIT were thought to be formed by dehydration and
rearrangement of higher plant-derived oleanane-typed triterpen-
oids functionalized at C-3 (Nytoft et al., 2010). In addition, triter-
penoids having different skeletons including taraxerol and
lupanoids likely contribute to the precursors of oleanane, re-
arranged oleananes and degraded oleananes (Rullkétter et al.,
1994).

Taraxastane is mainly derived from taraxerol and f-amyrin in
angiosperms (Grantham et al., 1983; Ten Haven and Rullkétter,
1988). High abundances of taraxerol relative to f-amyrin were

found in the sedimentary organic matter of mangrove forests
(Volkman et al., 2007; Koch et al., 2011; Resmi et al., 2016), which
are mostly deposited in a terrigenously-dominated marginal
marine environment including a deltaic environment under a
humid climate (Versteegh et al., 2004; Chu et al., 2020). However,
mangrove plants are unlikely the dominant angiosperms in flora,
due to that there are much less taraxastane relative to oleanane
in the organic matter (Fig. 6; Table 2) and that the relative abund-
ance of taraxastane are positively correlated with oleanane (Fig.
9a; R?=0.95) and bicadinanes (Fig. 9b; R?=0.87) in the Sanya
Formation. It This speculation has been partially substantiated
by the absence of mangrove pollen in the palynological records
in the late Oligocene—early Miocene shales in the Ying-Qiong
Basin (Zhang et al., 2017; Ding et al., 2021). However, the pos-
sible presence of mangroves cannot be totally excluded due to
that the local plant pollen from mangroves are usually transpor-
ted a much shorter distance relative to pollen from hinterland
forests (Urrego et al., 2010), and that oleanane likely originates
from precursor compounds in mangrove plants (Resmi et al.,
2016; Kumar et al., 2019).

Bicadinanes are derived from polycadinene, a resinous poly-
mer produced by tropical/subtropical angiosperms such as the
Dipterocarpaceae (Van Aarssen et al., 1992; Murray et al., 1997;
Nytoft et al., 2010). Most Dipterocarpaceae is attributed to the
tropical/subtropical angiosperms growing in humid conditions,
and are mainly distributed in Southeast Asia (Van Aarssen et al.,
1992; Paul and Dutta, 2016). Hence, the bicadinane parameter
(W+T)/C,, af hopane can be used as an indicator of tropical/
subtropical plant inputs to the organic matter in source rocks.
The increase of the angiosperm-derived oleanane index from the
lower part of the middle Lingshui Formation to the lower Sanya
Formation (Fig. 10) suggests a large influx of angiosperms in the
organic matter. The vertical variation discrepancy between
bicadinanes and oleanane relative abundance in Fig. 10 were un-
explained.

In the Sanya Formation samples from two wells H29-1 and
B19-2 in the Ying-Qiong Basin, there is a positive correlation
between the oleanane index and the bicadinane parameter, with
R2=0.93 (Fig. 9¢c). The oleanane index is also positively correlated
with sum of other angiosperm-derived compounds (Des-A-
oleanane+*+X+Y+Z+Z1+I1I+1+]+taraxastane+W+T+T1+R) (R2=0.94;
Fig. 9d) The pervasive positive correlation between oleanane and
bicadinanes and other oleanane-type derivatives was inter-
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preted as that there was a dominant input of topical/subtropical
angiosperm plants in the coeval flora, due to that the tropical/
subtropical taxa Dipterocarpaceae are the dominant the source
of bicadinanes. This explanation was partially corroborated by
the dominance of tropical/subtropical taxa including evergreen
Quercoidites. Microhenrici in angiosperm pollen in the coeval pa-
lynological records in the Ying-Qiong Basin (Ding et al., 2021).

5.1.3 Enrichment of the terrigenous organic matter in the late Oli-
gocene—early Miocene shales
TOC value is fundamental index that measures the organic
matter enrichment in sediments (Meyers, 2003). It is also indicat-
ive for the amount of well-preserved as opposed to degradation
of organic matter in the depositional process (Meyers and Ishi-
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watari, 1993; Meyers and Lallier-Vergés, 1999). For example, ter-
rigenous organic matter in the Amazon Fan sediments is likely
diluted by the planktonic algae and photosynthetic bacteria in
the marine environment (Boot et al., 2006). Beside of the algal
and/or terrestrial input, the preservation condition likely exerts a
control on the organic matter accumulation (Ganai et al., 2018;
Kong et al., 2020; Sun et al., 2020). It is known that the oxidising
environment is not beneficial for the preservation of the organic
matter. In the terrigenously-dominated shales in the Ying-Qiong
Basin, terrigenous source materials in the organic-richer lower
Sanya Formation shales were mainly deposited in the sub-oxid-
ising to oxidising environment compared to organic leaner shales
in the less oxidising condition (Fig. 5). This means that the redox
condition is not the dominant control on the terrigenous organic
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Y+Z+Z1+111+I1+I+taraxastane+W+T+T1+R)/Cs, aff hopane (d). Des-A-oleanane, *, X, Y, Z, Z1 are angiosperm-sourced tricyclic/
tetracyclic biomarkers in the Sanya Formaton shales. Compounds W, T, T1 and R are bicadinanes. The red points are the parameter
values of the Sanya Formation samples, and the light blue dotted lines are the correlation lines between two parameters.
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matter enrichment in the Ying-Qiong Basin.

In the condition of large influx of terrigenous organic matter
in the Ying-Qiong Basin during the period of late Oligocene—-early
Miocene, the amounts of higher plant inputs largely exceed their
degradation amounts during the oxidising depositional environ-
ment. For example, in those similar areas where the flux of terri-
genous organic matter to the marine environment is high, in-
cluding the Amazon fan (Hinrichs and Rullkétter, 1997; Boot et
al., 2006), the Triassic-Jurassic deltas of the northwest shelf of
Australia (Edwards et al., 2004; Cesar and Grice, 2019), the Ying-
Qiong Basin in the northwestern South China Sea (Ding et al.,
2021) and the Baiyun Sag in the northern South China Sea (Sun
et al., 2020), the organic enrichment of marine source rocks was
strongly impacted by the input of terrigenous organic matter. In
the terrigenously-dominated shales in the Ying-Qiong Basin, the
increase of TOC in the terrigenous-dominated shales from the
upper part of the middle Lingshui Formation to the lower Sanya
Formation suggests a larger supply of higher plant debris during
the time intervals. The pronounced higher TOC in the lower San-
ya Formation (early Miocene) than other formations (Fig. 2) is
mostly consistent with the higher abundance of plant biomark-
ers that are suggestive of the dominant tropical-subtropical an-
giosperm origin (Figs 8 and 9) in flora. This can be substantiated
by the dominance of broad-leaved tropical/subtropical angio-
sperms including Quercus and Dicolpopollis kockelii relative to
the low abundance of temperate gymnosperm taxa Pinus in plant
community (Ding et al., 2021). Hence, the amount of the domin-
ant tropical/subtropical angiosperm inputs was thought as the
prime control of terrigenously-dominated organic matter enrich-
ment in study area.

5.2 Controlling factors of terrigenous organic matter enrichment
in shales

5.2.1 Large influx of higher plants under the warming and humid
climate

In the South China Sea, high amounts of fluvial runoffs trans-
ported sediments and terrigenous organic matter to the sedi-
mentary basin (Huang et al., 2016b; Liu et al., 2016). The forma-
tion of these fluvial sediments through chemical weathering in
surrounding drainage systems is controlled principally by the
East Asian monsoon climate with warm temperature and high
precipitation, and subordinately by tectonic activity (Liu et al.,
2016). The more intensified East Asian summer monsoon relat-
ive to its winter monsoon in the South China Sea at the very early
Miocene (about 23.0 Ma, corresponding to the interval of the up-
per Lingshui-lower Sanya formations) is characterised by a
warming and more humid climate, with extra annual precipita-
tion (Wei et al., 2006; Clift et al., 2014). In the northern South
China Sea, there was a great amount of sediment input during
the late Oligocene—-early Miocene, which was related to the more
intensified physical erosion caused by stronger East Asian mon-
soon in association with the uplift of the northern Tibetan Plat-
eau (Fig. 11) (Tada et al., 2016; Zhang et al., 2019).

In the study area, the larger influx of higher plant materials
from the upper part of the middle Lingshui Formation to the
lower Sanya Formation was interpreted to due to the warming
and more humid climate during the late Oligocene to the early
Miocene. This can be corroborated by the increase of the tropic-
al/subtropical angiosperms in flora, as suggested by higher ACL,
tropical/subtropical angiosperm-derived oleanane and bicadin-
anes in the early Miocene shales than in the late Oligocene
samples (Figs 8 and 10). This warming change since the late Oli-
gocene (about 24.9 Ma) was also substantiated by the decline of

temperate species and the increase of tropical/subtropical angio-
sperms and ferns in the coeval palynological records (Ding et al.,
2021). In Asia, the lower Sanya Formation shales deposited in the
warmest early Miocene share the similarity of biomarker charac-
teristics with the Oligocene-Miocene shales and oils in the
Borneo (Simoneit et al., 2020), the Upper Assam Basin in India
(Mathur, 2014) and the Surma Basin in Bangladesh (Pearson and
Alam, 1993) in East Asia and Southeast Asia, with high abund-
ance of high molecular weight n-alkanes, tropical/subtropical
angiosperm-derived oleanane, taraxastane and bicadinanes. The
above areas have been under the influence of the Southeast
Asian and the East Asian summer monsoonal climates since the
late Oligocene. The Oligocene-Miocene flora in Southeast Asia
and the southernmost part of East Asia are characterized by high
abundance of tropical angiosperm plants mainly including the
broad-leaved Dipterocarpaceae, Palmae, Araucariaceae, Pand-
anceae and various hydrophilous ferns (Bande and Prakash,
1986; Sun and Wang, 2005; Jacques et al., 2011; Herman et al.,
2017). The interpreted starting of the warming climate from
about 24.9 Ma in the Ying-Qiong Basin is almost consistent with
the initiation of the intensified East Asian summer monsoon
since the late Oligocene in the South China Sea (Clift et al., 2014;
Ding et al., 2021). In this intensified monsoonal climate, the lar-
ger annual precipitation is beneficial for the plant growth and the
fluvial transportation process of plant materials through the delta
system into the marginal marine environment (An et al., 2001;
Reuter et al., 2013).

In the Ying-Qiong Basin, the maximum influx period of terri-
genous organic matter during deposition of the lower Sanya
Formation (about 23.0-ca.18.3 Ma) is largely consistent with the
peak East Asian monsoon intensity at 21-23 Ma in the South
China Sea (Clift et al., 2014). That is because that the river borne
terrigenous flux can be intensified by stronger annual precipita-
tion and warming climate in the coastally monsoonal zones
(Fig. 11) (Khare, 2018; Ding et al., 2021). After the early Miocene,
the reduced annual precipitation in the weakened East Asian
summer monsooal climate in the South China Sea resulted in
less influx of terrigenous matter including the river-borne higher
plant debris.

5.2.2 Possible influence of sea level changes and tectonic factors

It has been suggested that the colder and drier climatic condi-
tion in combination with a lowered sea level would allow rivers to
dump their sediment loads closer to the shelf edge, promoting
enhanced fluvial inputs into the basin (Hoogakker et al., 2004).
The abundant terrigenous n-alkanes input in the South China
Sea was thought to be sensitive to changes in river inputs in-
duced by sea-level fluctuations (Pelejero et al., 1999; Kienast et
al.,, 2003; Huang and Tian, 2012). In the Ying-Qiong Basin, there
are higher abundance of terrigenous n-alkanes (>nC,,) in the
early Miocene sedimentary rocks (corresponding to deposition of
the lower Sanya Formation) compared to other formations.
However, it is less likely that the influence of sea level change
outweighs the large influx of the river-borne plant debris on terri-
genous organic matter accumulation, due to that there was a rel-
atively stable sea level fluctuation in the early Miocene in the
South China Sea (Zhang et al., 2019). Nevertheless, a deeper in-
vestigation is needed to study the influence of the high-resolu-
tion sea level fluctuation on the organic matter enrichments in
shales over geological time.

One way to understand the proposed tectonic-organic matter
enrichment interactions is to define the history and timing of ma-
jor tectonic and climate changes and abundance variation of or-
ganic matter in shales in the South China Sea. During the period
of 23-15 Ma, the lithostratigraphic records analysed from the
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Fig. 11. Terrigenous organic matter accumulation model of the marine shales under the strong monsoonal climate during deposition
of the lower Sanya Formation (early Miocene, 23.0-18.3 Ma). This model was adapted from Clift et al. (2014). Plant taxa in flora and
their ecological adaptations were from Ding et al. (2021). The scale is not respected.

ODP Site 1 148 suggested a stable spreading to end of spreading
in the paleoceanographic evolution of the South China Sea (Li et
al., 2006). Decrease in of subsidence rate during the drifting stage
(32-17 Ma) also provide evidence of tectonically stable and shal-
low water environment of the South China Sea (Ding et al., 2014).
Hence, it was thought that the spreading of the South China Sea
during the late Oligocene—-early Miocene has limited influence
on the coeval terrigenous organic matter accumulation in the
northern South China Sea. Another regional tectonic factor in as-
sociation with the terrigenous influx and monsoonal climate in
the South China Sea is the periodical uplifts of the northern Tibet
Plateau during about 25-20 Ma (Clift et al., 2014, 2015; Tada et
al., 2016). It is widely acknowledged that the uplift of the north-
ern Tibet Plateau should have further intensified the East Asian
summer monsoon and the East Asian winter monsoon during the
late Oligocene—early Miocene (Guo et al., 2002; Clift et al., 2008;
Molnar et al., 2010; Tada et al., 2016; Ding et al., 2021). The re-
gional tectonic events of uplift of the northern Tibet Plateau in
association with the stronger East Asian monsoonal climate likely
played an indirect role in the large influx of the terrigenous or-
ganic matter in the early Miocene shales.

6 Conclusions

(1) Vertical variations of a total of 430 TOC and Rock-Eval
data and the associated higher plant-derived biomarkers in the
late Oligocene—-early Miocene marine shale samples were first re-
ported in the Ying-Qiong Basin, South China Sea. This suggests
that there is an increase of terrigenous organic matter content in

shales from the upper part of the middle Lingshui Formation
(late Oligocene) to the lower Sanya Formation (early Miocene) in
the Ying-Qiong Basin.

(2) There are more abundant angiosperm-derived biomark-
ers and their derivatives including higher molecular weight n-al-
kanes, oleanane and its three-four ring derivatives, rearranged
oleananes, four isomers of bicadinanes in shales of the lower
Sanya Formation than in the late Oligocene shales. Most of these
biomarker characteristics have not been reported elsewhere in
the South China Sea. The lower Sanya Formation shales have
plant-derived biomarker characteristics that are indicative for
tropical/subtropical plants under the warm and humid climate.

(3) The influx of higher plants mainly from tropical/subtrop-
ical angiosperms was thought as the prime control of terrigenous
organic matter enrichment in the marine source rocks of the
Ying-Qiong Basin. Organic redox condition, sea level changes
and sea floor spreading of the South China Sea were thought to
have a lesser influence on the terrigenous organic matter enrich-
ment compared to the influx of plant materials. The extra annual
precipitation brought by the gradually intensified East Asian
summer monsoon during the late Oligocene—early Miocene was
beneficial for the large influx of the river-borne terrigenous or-
ganic matter.
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Appendix

a. tricyclic terpanes b. des-A-oleanane c. C,, terpane X d. Cy terpane Y e. 108(H)-des-A-ursane (Z) f. C,; terpane Z1

j. rearranged oleanane I k. rearranged oleanane IT

1. rearranged oleanane III  m. cis-cis-trans-bicadinane (W)  n. trans-trans, trans-bicadinane (T) 0. steranes p. f-amyrin

Fig. Al. Structures of compounds mentioned in the text.
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Fig. A2. Mass spectra of some compounds mentioned in the text. The horizontal coordinate of each sub-figure is the mass spectrum
of each compound and the vertical coordinate is the relative abundance of the mass spectra of each compound.
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