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Geochemical proxies in organic matter (OM) are considered to be reliable proxies for
deciphering types of paleo-vegetation (C3 plants and C4 plants) and their abundance.
The contributions of total organic carbon (TOC), stable carbon isotopes (81300@), total
nitrogen (TN) and organic carbon to total nitrogen ratios (C/N) were obtained from a
gravity core NS07-25 (6°39.945 N, 113°32.936' E, water depth 2006 m), extracted from
the southern South China Sea (SCS). These data were used to reconstruct the climate
changes of the Nansha Trough since 40 ka B.P. by comparing them with pollen data
from the same core, and this comparison provides better sediment provenance details
in the study area. During the periods between 37 and 27 ka, and from 12.5 ka to modern
day, the majority of terrestrial sediment received from Borneo, and some climatic events
have been governed by aeclian fluxes from mid-latitude areas (mainland China). These
periods were relatively humid, compared to 27-12.5 ka, where the majority of terrestrial
sediment came from the Sunda Shelf through riverine pathways. This study serves as the
first study to correlate deep oceanic pollen and geochemical proxies in order to identify
the weaken terrestrial OM signals in the deep ocean.

Keywords: Southern South China Sea, TOC, 813C°rg, pollen, deep ocean, sediment provenance

INTRODUCTION

The past 37,000 years have been a dynamic period for vegetation cover around the southern
South China Sea (SCS), due to global and regional climatic and geodynamic changes.
During the Last Glacial Maximum (LGM), the paleo-environment faced observable changes
through the exposure of the continental shelf as the sea level decreased. During this
period, the SCS was connected to outer oceans only by the Bashi Channel (Shyu et al,
2001). Throughout the time of deglaciation, the southern SCS experienced regional climatic
changes due to geo-dynamic events, such as the submergence of Sundaland and the opening
of the Indonesian throughflow (Sun and Li, 1999; Li et al, 2018). Due to the changes
that occurred in the landmass and the heat budget, wind and monsoonal patterns changed,
affecting the terrestrial paleo-productivity history by altering vegetation cover and vegetation
type (such as trees, shrubs, herbs, and grasses) (Broecker et al, 1988; Miao et al, 1994;
Wang et al., 1999; Shyu et al., 2001; Huang and Tian, 2012). Studying paleo-productivity
is important, in order to understand behavioral patterns of present-day vegetation
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toward an environmental pressure conditions such as climatic
changes (global warming, rainfall pattern changes, etc.).
Importantly, the terrestrial sediment input to the SCS has been
previously considered to provide information related to paleo-
environmental changes in the Southeast Asian continent (Wang
etal., 1999; Liu et al., 2017). Therefore, the SCS serves as an ideal
place to study how terrestrial paleo-productivity has behaved
throughout this dynamic era of the Earth’s history. Sediment
provenance of marine sediments should have identified specially
when doing a terrestrial paleo productivity study.

Oceanic sediment receives its organic matter (OM), along
with the sediment from terrestrial environments, mainly through
riverine pathways and from in-situ OM production. In a general
view, oceans receive one-third of its OM through riverine
pathways as terrestrial OM. Nearly 50% to 60% of TOC
from terrestrial OM undergo re-mineralization or degradation
(Burdige, 2005), which may reduce the strength of terrestrial
OM signals in the ocean. The weakening proportion of these
terrestrial OM signals in the marine environment depends
on the proxy type, and this terrestrial OM has been used
to interpret terrestrial paleo-productivity by many researchers
globally. Geochemical proxies in OM such as carbon (TOC)
and nitrogen (TN) elements, their stable isotopes (313 Corg and
81°N), and ratios among elements (C/N, N/C) (Pelejero et al,
1999; Kienast et al., 2001; Steinke et al., 2003; Zheng et al., 2017)
and carbon isotopic compositions in leaf wax (Hu et al., 2002;
Huang and Tian, 2012; He et al,, 2017; Liu et al., 2018) have been
used for multiple studies in the SCS. Isotopic compositions in
charcoal (produced by forest fires) have been used to reveal the
connection between paleo-vegetation and past climate along with
fire history (Jia et al., 2003). Furthermore, pollen distribution
in marine sediment has also been used as a unique proxy to
determine terrestrial paleo-productivity (Sun and Li, 1999; Sun
et al,, 2003; Wang et al.,, 2009; Dai et al,, 2018; Luo et al., 2018;
Miao et al., 2018).

The geochemical proxies trapped in OM in marine sediment
represent numerous details about the paleo-environment and
paleoclimate. While TOC, [which is frequently used as a
paleo-productivity geochemical proxy (Berger et al., 1989; Wei
et al., 2003), represents the paleo-productivity in a quantitative
manner, while stable carbon isotopic composition tend to provide
details about qualitative paleo-productivity (vegetation types).
A number of studies have been conducted to identify the
different values of 613C0rg and C/N ratios according to their
sources (e.g., C3 Plants, C4 Plants, marine OM, and in a more
specific manner such as marine phytoplankton, marine dissolved
organic carbon, marine particulate carbon, freshwater algae,
bacteria, etc.). Organic carbon isotopic compositions vary widely
depending on various paths of different OM sources (Raymond
and Bauer, 2001; Cloern et al., 2002; Megens et al., 2002; Lamb
etal., 2006). C3 plants and C4 plants can be clearly distinguished
according to their 813C0rg) and their C/N and N/C ratios, as
they fix atmospheric carbon using two different processes [Calvin
Benson cycle/C3 pathway for C3 plants (Craig, 1953) and Hatch-
Slack pathway for C4 plants (Hatch and Slack, 1970). A better
understanding of these paths is important when considering
processes for OM preservation (Meyers, 1994), and it will aid

in identifying the contribution of different OM sources via the
global carbon cycle into the marine OM pool (Gaye et al., 2007;
Yu et al., 2010).

813Corg and the C/N ratio are highly applicable in almost
every type of paleo-environmental study where organic matter
is present, even when microfossils are absent (Lamb et al., 2006).
Even though '3 Corg and TOC show complex behavioral patterns
in marine environments (Boutton, 1991; Jassby et al., 1993), this
complexity allows TOC and 313 Corg to carry higher details about
environmental and climatic changes, along with other elements
and isotopes such as TN and d'’N. A major challenge of using
813 Corg and the C/N ratio as paleo-environmental proxies is the
degradation of 8'°Cory and C/N ratio values, along the path,
between the source and its fate, and this degradation causes a
certain degree of shifting in 813C0rg and C/N values (Lamb et al.,
2006; Yu et al., 2010). However, the value transformation is not
considerable enough to prevent the application of 8'*Cyrg and the
C/N ratio as indicators for major vegetation type and sediment
provenance (Yu et al,, 2010). Importantly in the SCS, Kienast
etal. (2001) has shown the possible thermal effects (Fontugne and
Duplessy, 1986) on carbon isotopes are negligible, ensuring that
the terrestrial OM signals are well-preserved in marine sediments
by weakening the degradation of 8! Coyg, which provides a better
opportunity to study terrestrial paleo-vegetation around the SCS.

In considering the pollen records from marine sediments,
these records tend to provide more specific details about
vegetation types than OM geochemical proxies. However, the
provenance of these pollen data become complex due to the
patterns of pollen distribution via wind and riverine pathways.
The ocean receives a majority of its terrestrial OM via riverine
pathways, promising a better provenance of details for OM
geochemical proxy data. By combining both geochemical proxy
data and pollen data, better results can be obtained for the
terrestrial paleo-vegetation changes due to climatic changes.

There are a lack of terrestrial paleo-productivity studies that
compare OM geochemical data and pollen data worldwide.
As an effort to fill this research gap, in this study, we are
discussing the distribution of OM geochemical proxies (TOC,
TN, C/N, and '3 Corg) and pollen data obtained from the NS07-
25 southern SCS sediment core, as well as the connection of
these paleo-productivity changes with the paleo-climatic history.
Furthermore, 813C0rg data will be discussed from other sediment
cores along a transect (Figure 1) from shallow ocean to deep
ocean in the study area, in order to gain a better understanding
of terrestrial OM distribution in the southern SCS via riverine
pathways and the mixing with marine OM since 20 ka B.P.

STUDY AREA

Wind Patterns

The South China Sea (SCS) is the largest marginal sea and
a semi-enclosed basin which exchanges water with the Pacific
Ocean via the Luzon Strait, and with the Indian Ocean over
the shallow Sunda Shelf via Indonesian throughflow (Xiang
et al., 2009). According to the current atmospheric conditions,
the East Asian Monsoon (EAM) regulates the SCS water
hydrology by controlling the northern hemisphere’s atmospheric
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FIGURE 1 | Map of the southern South China Sea showing the location of deep ocean sediment core (NSO7 25) location and the other sediment core locations which
are used in this paper. Major Paleo-rivers flows in to the southern South China Sea are marked according to Voris (2000). Sediment cores have been selected from the
continental shelf, the continental slope and from the Deep Ocean (red triangle). Sediment cores alignments were chosen between the NS07-25 and two major paleo
rivers (namely, the Saim River system and the North Sunda River system). Toward A to B direction, the water depth and the distance from the Sunda Shelf increases.
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heat budget (Jian et al, 2001; Wang et al., 2005). The East
Asian summer monsoon (EASM) transports moist wind toward
northern China, from the north of Australia through the Warm
Pool (Figure 2B). The East Asian winter monsoon (EAWM)
also carries cold and dry Siberian air southward along eastern
China (Figure 2A) (An, 2000; Hu et al., 2000; Fernando et al.,
2007). A major governing factor for this phenomenon is
unequal surface distribution of land and ocean (Shaw and
Chao, 1994). In other words, sea level has been a critical
factor that determines monsoonal changes throughout history
(Hu et al., 2002).

Currents Pattern

During the summer, surface currents of the southern SCS
produce a coastal current from the southwest to the northeast
along the coast, causing the East Asian monsoon and the western
branches of the Kuroshio Current, which are formed due to the
southwest monsoon (Figure 2D). A summer monsoon also leads
to the formation of an anticyclonic vortex at the center of the
SCS. During the winter, a periodic cyclonic vortex at the center of
the SCS and a current from the northeast to southwest direction
forms, caused by the northeast monsoon. On the east side of the
cyclonic vortex, there is a weak anticyclonic vortex, and there is
also a flow directed away from the Natuna islands, through the
middle of two circulations, expanding to the north and opposite
to the wind pattern (Fang et al., 1998) (Figure 2C).

Vegetation Distribution

Islands in the southern part of the SCS, such as Borneo,
Indochina, The Malay Peninsula, Sumatra and the Philippine
Islands, are covered with tropical and seasonal rainforests.
Among those, the islands around the Sunda Shelf are
covered with tropical rainforests, such as Borneo, Java
and Sumatra (Florin, 1963) (Figure2). In these tropical
rainforests, herbs can be seen as a lower layer of the
forest (Zhang et al, 2011). At the same time, woody
vines are abundant in the tropical rainforests. Coastal
regions of these islands are dominated by shrubs and herbs
(Poliakova and Behling, 2016) (Figure 2).

MATERIALS AND METHODS

Materials

Gravity core NS07-25 (6°39.945 N, 113°32.936 E) was extracted
from the northwest slope of the Nansha Trough, southern SCS,
at a water depth of 2,006 m (Figure 1). The core was 556 cm
in length and consisted of greenish gray to olive-gray silty-
clay. Planktonic foraminifera from 11 horizons in core NS07-
25 were chosen for AMS!*C dating at the Xi-an Accelerator
Mass Spectrometry (AMS) Center, China, and approximately
20mg of shells were obtained from the N150 wm fraction of
the measurements. The 556 cm of the core has been dated to
37 ka B.P. The age model of the gravity core NS07-25 based on
the AMS!C dates (Xiang et al., 2009) are presented in Table 1.
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FIGURE 2 | Maps showing major regional vegetation types (Sun and Li, 1999). Surface winds over the SCS with wind velocity in (A) winter (December-February) and
in (B) Surface winds over the SCS with wind velocity in summer (June-August) (from Wang et al., 2009) and (B) modern river system (light blue); Surface circulation of
the modern SCSin (C) winter and Surface circulation of the modern SCS in (D) summer (from Fang et al., 1998) with (D) paleo-river system (light blue) (Voris, 2000)
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Global reservoir effect of ~400 years, was assumed to have no
effect (Bard, 1988) in the southern SCS.

Methods

The core was sub-sampled at 1cm length intervals, and 27
sub-samples were chosen (representing major climatic changes
during the past 37,000 years) for the element (C and N)
and isotope (813C0rg) analyses at the Sun Yat-sen University,
Guangzhou. The sub-samples were freeze-dried, powdered and
homogenized. The TOC, TN and 3'3Cog were analyzed after
sieving through an 80 jum mesh to remove large debris, acidified

with 10% HCI to remove inorganic carbon, rinsed with deionized
water to remove salts, and then dried. The samples were fed to
the combustion tube from a solid sample tray and were rapidly
converted to CO, by dynamic combustion at 1,800°C. The water
was removed and then separated by gas chromatography and
magnetic fields. The isotope ratio was determined by *C/!2C
isotope ratio mass spectrometer (IRMS). The precisions of
duplicate analyses of samples were £2 and £3% of the means
for TOC and TN, respectively. Stable carbon compositions
were determined with a Delta V Advantage isotope ratio mass
spectrometer and expressed in the delta notation (813C0rg)
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TABLE 1 | AMS14C age data for core NS07-25 (Xiang et al., 2009).

Sample no. Depth (cm) Dating material® AMS14C Age, (yrs BP) Calendar years B.PP 10 error bars, yrs
XA2831 4-5 G. sacc 5,165 + 34 5,480 40
XA2832 10-11 P obli + N. dut 10,282 £ 29 11,200 40
XA2833 29-32 R obli + N. dut 12,890 + 38 14,520 200
XA2834 57-60 G. sacc + P, obli + G. mena 14,153 £ 46 16,320 120
XA2835 98-102 P obli + N. dut + G. mena + G. sacc 15,680 + 49 18,620 70
XA2836 197-202 Most planktonic foraminifera 22,175 +£195 26,310 210
XA2837 271-276 Most planktonic foraminifera 27,290 £+ 93 31,920 70
XA2838 309-312 Most planktonic foraminifera 27,649 + 83 32,120 90
XA2839 343-345 R obli + N. dut + G. sacc 33,229 + 128 37,470 740
XA2840 463-467 R obli + N. dut + G. sacc 30,953 + 118 34,940 200
XA2841 549-553 R obli + N. dut + G. sacc 33,142 + 183 37,390 710

“Indicates data point not adopted in the age-model reconstruction.
4G, sacc, G. sacculifer; P obli, P. obliquiloculata; N. dut, N. dutertrei; G.mena, G. menardii.

bAll ages were converted to calendar years using the CALPAL 2007-Hulu software (Joris and Weninger, 1998).

relative to Peedee belemnite (PDB). The precision of duplicate
analyses was 0.06%o for 8'*Cqrg. The precision of the duplicate
analyses was 0.01% for TOC and TN.

RESULTS

Vertical profiles of geochemical variables in the NS07-25
sediment core showed that TOC varied from 2.15 to 0.87% in
the sub-samples, and the lowest and highest values appear at
218 cm (27.7 cal. ka B.P.) and 5 cm (6.4 cal. ka B.P.), respectively.
TOC content in the upper layers of the core was higher than the
deeper layers in the deep oceanic sediment core (Figure 3). TN
ratio varied from 0.169 to 0.111% of the core sub-samples. The
lowest and highest values appear at 270 cm (31.7 cal. ka B.P.)
and 5cm (6.4 cal. ka B.P.), respectively. TN also shows higher
availability at the top of the core rather than in the deeper layers
(Figure 3). C/N molar ratios, which varied from 7.6 to 12.7, were
higher in the upper layers of the core compared to the deeper
layers. Among them, the depth (years) of the lowest value was
at 218 cm (27.7 cal. ka B.P.), and the highest value was at 5cm
(6.4 cal. ka B.P.). 813Corg was found to be relatively negative,
ranging from —21.6 to —26.4%o in the ocean; the maximum
value of 8Corg was —21.6%o,0ccurring at 302 cm (32.3 cal. ka
B.P.). The most negative value was —26.4%o, occurring at 1.cm
(2.6 cal. ka B.P.) (Figure 3).

DISCUSSION

The reliable representation of primary production by different
proxies should be discussed. Generally, the unit area biomass
of a tropical rain forest (C3) is higher than the unit area
biomass of a grassland (C4 plants). At low temperatures,
the photosynthetic intensity of C3 and C4 plants is nearly
the same, and the photosynthetic intensity of C4 plants
increases significantly with the increase in temperature.
At 30-35°C, the photosynthetic intensity of C4 plants
is about twice that of C3 plants (Tieszen et al, 1979).

Additionally, the pollen and the OM production ratios of
different vegetation types are not similar. However, the
trends of pollen and the OM production through time for a
considered vegetation (C4 or C3) are similar. For example, the
sediment core BM6, from Lake BarombiMbo, showed similar
distribution trends for the 8'*Cyrg curve and the C4 type pollen
distribution curve during a C4 plant-dominated time period
(Giresse et al., 1994).

Climate Derived Terrestrial

Paleo-Vegetation Variations

Distributions of TOC, TN, C/N and 813C0rg from the NSO07-
25 southern SCS sediment core was clearly divided into three
stages, where pollen data strongly confirmed these three stages
by Hierarchical Cluster Analysis using Coniss (Figure 4). These
stages are strongly correlated with climate-derived marine
isotope stages. During these stages sediment provenance varies
according to the geodynamic and climatic events, such as rainfall
pattern and sea level changes. Similarly vegetation type and
vegetation distribution also followed these geodynamic and
climatic changes. The C/N and 3'*Cyg distribution patterns
could be used as a source identification method for organic
matter (Meyers, 1994; Lamb et al., 2006; Mackie et al., 2007)
while some studies have used N/C ratios with 813C0rg distribution
(Zheng et al., 2017) (Figure 6). 813C0rg of marine particulate
organic carbon (mainly plankton) varies between —18 and
—21%o (Peters et al., 1978) and C3 plant 613C0rg varies between
—21 and —32%o (Tieszen et al., 1979), whereas in the NS07-
25 core, 813C0rg data ranges between —21.6 and —26.4%o,
revealing the availability of both marine OM and terrestrial
C3 plant OM (Figure 6). 8°Cory value of C4 plants varies
between —16 and —10%o (Tieszen et al., 1979). The C/N ratio
values from sediment cores are distributed in an intermediate
value of 24.9 to 7.6 between marine particulate organic carbon
and C3 plants. [C3 plants have C/N values above 12 (Tyson,
1995) and marine phytoplankton varies between 5 and 7
(Meyers, 1994)].
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FIGURE 3 | Distribution of four geochemical proxies obtained from NSO7-25 since 37ka B.P. Sedimentation rates, Lithology and the AMS14C-based age model in
core were from Xiang et al. (2009).

Stage | (27.5-37 ka)

TOC during this period shows the lowest values (average value
of 1.08%) (Figure 3) among the three stages, suggesting a lower
OM input to the marine sediment. Furthermore, surface primary
productivity in the marine environment shows lower values
than during the glacial period but higher than during the
Holocene (Pelejero et al., 1999). During this stage (27.5-37 ka),
an abnormally elevated sedimentation rate of 50.6 cm/ka can
be observed (Xiang et al,, 2009). This higher sedimentation
rate could be the result of higher marine productivity, higher
terrestrial input or higher aeolian flux. If terrestrial OM input
were higher, marine OM production also would become higher
and TOC influx to the sediment would increase. Additionally,
613C0rg values show (Figure 3) greater marine contributions
than terrestrial OM inputs, where marine productivity is also
not high, as evidenced by the low TOC values. The highest
sedimentation rate may have occurred due to a higher aeolian
flux approximately 35 ka B.P., tentatively assigned to (cold)
Heinrich event 4 (Bond and Lotti, 1995; Fang et al., 1998). This
sediment input represents a short term continental aridity of
China (Wang et al., 1999) with mean moisture values noticeably
decreasing in monsoonal Central Asia (Herzschuh, 2006). In
addition, the sudden decrease in fern spore at around 35
ka in samples represents the aridity. This sediment input is
significantly higher, and it may decrease the marine productivity
due to the low penetration of sunlight in the ocean. Aeolian
fluxes from an arid land area/deserted area could trigger such
a phenomenon with a low nutrient sediment input. When
considering stage I, the pollen and spores may have been
transported from northern Borneo area (around equator) (Luo
etal, 2019) and as Aeolian flux, mainly from the mainland China.
In an overall view, tropical lowland montane vegetation and ferns
have increased (Figure5), which may have been transported
mainly from Borneo through the riverine pathway.

Stage Il (12.5-27.5 ka)

Geochemical and pollen distributions of stage II of core NS25-
07 belong to the most dynamic time period of the three
stages. 813C0rg shows (avg: —23.32%o) terrestrial contribution
and TOC has increased significantly (avg: 1.44%) (Figure 3).
Marine productivity increased during this time period due to
the higher nutrient input from terrestrial sources (Pelejero et al.,
1999). However, in carbon isotope data, marine contribution
seems to be insignificant or absent. This finding could be due
to the high influx of terrestrial OM (which is similar or higher
than marine OM production) from the Sunda Shelf in to the
ocean. Distribution patterns of N/C and 813C0rg from the core
NS25-07 total sample distribution led toward marine OM and
C3 plants, evident from the availability of high C3 plant signals
in terrestrial OM. However, at the LGM (last glacial maximum)
samples, this distribution tends to skew away from marine OM
and toward C4 plants. The possible reason for this phenomenon
is the considerably high C4 OM influx through paleo-sunda
and thai-fluvial river systems, which were close to the NS07-
25 core location during the LGM. A higher abundance of herb
pollen could be observed during the LGM as well (Figure 5).
Even though the N/C and 813C0rg distributions of LGM skewed
toward C4 plants, they are closer to the C3 plants region,
implying that, during the LGM, the most prominent vegetation
type on the Sunda Shelf was C3 plants. C4 plants may have
been available along paleo-river banks, the upper region of the
Thai-fluvial system and low land coastal regions (Figure 6).
The effects of the LGM on the vegetation, such as reducing
the biomass, may be unobservable in low latitude areas. The
amount of fern pollen decreased during stage II, especially in
the LGM, symbolizing the arid environment. The presence of
mangrove taxa (Rhizophoraceae and Sonneratia sp.) in stage II
(Figure 4) indicates that the coastline had close proximity to the
core location.
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FIGURE 4 | Diagram of pollen and the geochemical data of the core NS07-25
in the NanshaTough. Pollen data has divided in to three zonation according to
the Hierarchical Cluster Analysis using Coniss, in where geochemical data also
follow the same zonetion clearly.

FIGURE 5 | Diagram of simplified pollen percentage and the distribution of
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FIGURE 6 | The 313Corg and N/C scatter plot (Zheng et al., 2017) for the
samples from NS07-25 sediment. Blue dots indicate the time period other
than the LGM. Red dots indicate the LGM time period. Dashed lines indicate
the mixing trend or the contribution to the OM of NS07-25t from C3 plants
(green) C4 plant (purple) and marine OM (light blue).

Stage Ill (0-12.5 ka)

During stage III, tropical low land vegetation disappeared as
Sundaland was submerged. Fern pollen and high montane
rainforest pollen increased, representing the humid environment
(Figure 5). Marine productivity was lowest during this period
(Pelejero et al., 1999), but we can observe the highest TOC values
(2.43%) for NS07-25 stage III samples (Figure 3). This finding
may be due to the higher rainfall in the Holocene, which washed
large amounts of terrestrial OM from the Borneo region, through
the riverine pathway. In addition, the majority of pollen recorded
in stage III was received from Borneo region through riverine
pathways (Luo et al., 2019). Representing the higher abundance
of C3 plants in the terrestrial OM, average 813C0rg shows a
smaller value 0of—24.01%o, and the signal of C3 plants is more
prominent in 813Corg records during this stage (Figure 3).

Correlation Between Pollen and
Geochemical Proxies in Deep Ocean

In the terrestrial environment, pollen and geochemical proxies
(TOC, TN, C/N, and 813C0rg) show a higher correlation signified
by their same origin [613COrg from C4 plant prominent OM,
and the total herb pollen from the same core shows a higher
correlation of R = 0.615, from Lake BarombiMbo, West
Cameroon (Giresse et al., 1994)]. In the deep ocean sediment,
above correlation only depends on two factors being assumed;
(1) Different distribution methods of pollen and geochemical
proxies between source and fate effect the correlation. Similar
distribution pattern increased the correlation while different
distribution patterns decrease the correlation [pollen: wind and
hydrological pathways, geochemical proxies: mainly hydrological
pathways (Blair and Aller, 2012)]. (2) Alteration of terrestrial

plant geochemical proxy values due to the mixing of in situ and
ex situ OM sources (phytoplankton, algae, etc....).

According to our findings, in marine environments, the
correlation between these vegetation proxies tend to decrease
due to complex mixing and different distribution patterns, even
though the terrestrial vegetation signal is still observable in the
deep ocean. In this study, we have corrected bulk data according
to the similar distribution patterns for pollen and geochemical
proxies (separated the pollen and geochemical data for riverine
pathway prominent time periods).

As geochemical proxies are mainly distributed through
riverine pathways, the same distribution patterns for the pollen
were considered. Among three zones of geochemical and
pollen data, during stage I, wind and riverine distribution
were contributed. In Stage II, the riverine pathway was
prominent, except during the LGM, where distribution through
wind has similarly contributed. During stage III, the riverine
pathway was prominent. Even during the time periods where
the riverine path is prominent, there is a considerable
distribution of pollen through aeolian influx, altering the
correlation (Figure 7).

Even though terrestrial plant and geochemical proxies
influence their values due to mixing, generally, some proxies
such as marine TOC and marine TN maintain a positive
correlation with the terrestrial OM. This positive correlation
occurs, firstly when terrestrial OM input is increased in the
marine environment, the preserved portion of terrestrial TOC
in the marine environment also increases. And secondly,
along with the higher OM input, the ocean receives a
higher inorganic nutrient content as well, leading to a higher
marine productivity that results in a higher marine TOC.
(Terrestrial OM inputs to the ocean increase in humid
periods). According to these two factors, when terrestrial
OM inputs are increasing, marine TOC also increased,
showing the positive correlation between terrestrial OM and
marine TOC.

According to the correlation between pollen and geochemical
proxies, it was evident that the total abundance of C4 plant
pollen and TOC shows a very low correlation of R*> = 0.0004
for data that contains three stages (including all distribution
methods) (Figure 7). The stage III and II have a calculated
correlation of R? = 0.187. In these two stages, the majority of
pollen has been distributed to the ocean through the riverine
pathway, similar to the organic matter. When the data are
corrected further by removing the LGM data, the correlation
(R? = 0.3236) increases, revealing the importance of similar
distribution patterns for the two proxies (Figure?7). TN also
follows a similar correlation pattern with C4 plant pollen, as
indicated by TOC. When the pollen data are correlated with the
ratios between two elements (TOC and TN), it does not indicate
a similar pattern with that of pollen data, where it is correlated
with the elements separately. Importantly, §'3Corg does not show
any correlation with the pollen data, as marine 813C0rg does
not have a positive correlation with terrestrial OM (Figure 7).
Correlations between C4 plant pollen and geochemical proxies
reveal the availability of terrestrial plant OM signals in the
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FIGURE 7 | Correlation between deep oceanic geochemical proxies and pollen from NSO7 25.
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8h (SO 18323) were taken from Wang et al. (2009) representing continental shelf.

oceanic environment in the study area. Pollen data was corrected
by removing C3 plant pollen data. According to the observations,
the relative abundance of C3 plant pollen increases with arid time
periods (Figure 5), and during these arid windy periods, wind
considerably affects pollen similar to riverine pathways.

Area Comparison

We have compared 8'°Cqyg along the AB axis (Figure 1) from
the shallow ocean to the deep ocean for the last 20 ka. SO
18323 and SO 18300 represent the continental shelf while SO
18323 is located closer to the paleo-North Sunda River (Wang
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et al.,, 2009). These sites may not have experienced the sea level
incensement beginning at 17 ka. The terrestrial environment of
these sites might have changed to a marine environment at ~15
ka (Figure 1) due to their submergence by ocean according to the
bathymetry of the shelf. Both SO 18323 and SO 18300 sites have
almost similar water depths (92 and 91 m).

Terrestrial OM mainly comes through hydrological pathways,
unlike pollen that are dispersed through riverine paths and
air. Therefore, the 813C0rg values of SO 18323 and SO 18300
was mainly affected by the hydrology of the area (before
submergence, fresh water hydrology and after submergence
marine hydrology) and the pre-submergence in situ vegetation.
Core SO 18300 is situated near the coastal low land area
in a river bank, where we may find C4 vegetation rather
than C3 vegetation (Wang et al., 2009). When the shore line
retreated, at the beginning of deglaciation after 17 ka, increasing
813C0rg values were observed in SO 18300. However, after the
submergence at 15 ka, SO 18300 showed a stable C3 plant
signal due to the OM input from above river catchments and
the distribution in marine environment. When observing SO
18323, which is located deeper in the shelf, more C3 plant-
based OM distribution is shown locally. In addition, after
submergence of core location, the signal of §'3Corg tends to
decrease toward C3-813 Corg values. If there were C4 plants in the
North Sunda River catchment, approximately 15 ka, the 8'*Cyrg
signal of SO 18323 should shift toward C4 plants (higher 613C0rg
values) (Figure 8).

Continental slope is a more dynamic environment than the
continental shelf and the deep ocean. Sediment core 18284-3
(226 m) and GC 18287-3 (598 m) was in a costal environment
when sea level was lower at 17 ka. Both North Sunda River and
Saim River fell into the ocean through this area. Submergence of
the majority of the Sunda shelf was recorded in pollen data within
12 to 17 ka (Wang et al., 2009). 813C0rg distribution patterns on
the Continental slope was discussed using previously published
data of core GC 18284-3 (226 m), GC 18287-3 (598 m) and GC
18294-4 (849m) (Steinke et al., 2003). A lower 8°Cory value
(A-27%0) from the shallower core GC 18284-3 (226 m) can be
observed at the beginning of Sundaland submergence. Advancing
deeper into the ocean, 813Corg values become heavier due to the
mixing with marine organic matter, GC 18287-3 (~-24%o) and
GC 18294-4 (~-21%o).

Continental rise sediment core GC 17964-3 is located near the
Paleo Baram river mouth area, northwest of Borneo (Figure 1).
This core shows a more deviated pattern for pollen distribution.
The total pollen count of this core is lower, and pollen usually
do not show a decreasing trend after 12 ka. The presence of
pollen from Borneo and Sumatra area could be the reason for
this observation (Sun et al., 2000). 613C0rg from this sediment
core varies similarly to that of GC 18294-4 but with lighter
8'3Corg values, showing another riverine input with higher C3
plant materials, other than north Sunda River the Saim River
(Steinke et al., 2003), and Paleo Baram River which should have
the accountability of this signal.

83 Corg distribution in the deep ocean shows an opposite
pattern to that of continental slope’s distribution. Two deep
ocean cores were selected. Core 17961 (Kienast et al., 2001),

located in the middle of the southern SCS, has a lesser impact
from land areas and shows heavier 813C0rg values, during
the glacial period (~-19.5%0) and the Holocene period (~-
20%o). Core NS07-25, located landward in comparison, is closer
to northern Borneo (Figure 1). Core NS07-25 tends to show
more negative values compared with core 17961 possibly due
to the C3 plant signal from Borneo and the Sumatra region
as discussed.

CONCLUSION

Based on the 613C0rg, TOC, TN and N/C analysis data of core
NS07-25 and the comparison of these geochemical proxies,
along with pollen data from the same core, it is found that
terrestrial OM and the sediment in the core came mainly from
northern Borneo as a riverine pathway and from mainland China
as aeolian fluxes, during the period of 37 ~ 27 ka B.P. In
addition, during stage II (27 ~ 12.5 ka B.P.), terrestrial OM
might have come from Sundaland from the riverine pathway.
During the LGM, pollen came as aeolian fluxes, according
to the pollen and TOC correlation results. During stage III
(12.5 ~ 2.62 ka B.P.), terrestrial sediment again came from the
northern Borneo.

Comparisons between pollen and geochemical proxies
show higher linear correlation, and this correlation depends
on two conditions, for the two proxy types. (1) Two
proxies should be distributed via the same distribution
method (riverine distribution prominent time periods
for pollen shows higher correlation). (2) Even though
geochemical proxy value is altered during the distribution,
two different values in the marine and terrestrial environment
needed to be positively correlated (such as TOC). This
correlation method could be used to identify the prominent
terrestrial sediment supplying method to the marine
environments (riverine path or aeolian flux). As well it
leads to better sediment provenance, especially for the deep
oceanic sediment.
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