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Abstract

Sea-level (SL) data from the Last Glacial Cycle (LGC) have been superimposed on to
digital elevation models of the South China Sea (SCS) and adjacent areas, to generate
regional paleogeographic scenarios related to 4"- to 5"-order Milankovitch climate
cycles. These scenarios—at 123, 65, 60.5, 56, 20, and 0.5 kyr BP—showed that the
SCS functioned as an oceanographic interface between the Pacific and Indian oceans
during the LGC. A Late Pleistocene paleo-river delta (Hainan delta) offshore west of
Hainan Island (China) was an important sediment routing system on the NW shelf of
the SCS. To understand the origin of the Hainan delta better, paleo-reliefs of
DEMsskyse  and  DEMesyise  Were  reconstructed, using seismic  stratigraphy,
sedimentology, and back-stripping methods. Geostatistical and geometric models of
clinoforms and delta geometry, as well as the courses of the reconstructed paleo-
distributary channels and paleo-river valleys, supported the interpretation that most
delta sediment could be regarded as erosional products from Hainan Island. We
hypothesized that an intensification of sediment supply outpaced SL rise during the
Marine Isotopic Stages 4 / 3 transition, resulting in a normal regression during the
formation of the Hainan delta. Morphodynamic modeling and meteorological data
reanalysis further supported our interpretation that shifts in the Asian Monsoon
system—combined with local meteorological effects on Hainan Island and with
global SL changes—were the main drivers for the sediment source-to-sink systems at

the NW SCS continental margin, during the LGC.
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1. Introduction

The paleogeographic evolution of coastal areas is very important, and has
generally been interpreted as representing the results of overlapping driving forces,
including eustatic changes, tectonics, isostasy, sediment fluxes, paleoclimate, and the
geologic build-up of the coastal zone and its hinterlands (Herbert-Veeh, 1966; Haq et
al., 1987; Vail et al., 1991; Peltier 2004; Zhang et al., 2011, 2014; Deng et al., 2017).
The NW South China Sea (SCS) is located at a low latitude and had a relatively stable
continental margin during the late Quaternary. Therefore, the paleogeographic
evolution of the NW SCS is likely to reflect sea-level (SL) change history and
sediment supply, and the moderating influence of the glacio-isostatic adjustment (GIA)
of the earth’s crust (Yin et al., 2019). Meanwhile, the wide shelves of the NW SCS
can provide sensitive records of transgressive SL cycles, and represent ideal places for
reconstructing paleogeographic scenarios related to the post-glacial period (Hanebuth
et al., 2003, 2006, 2009, 2011; Schimanski and Stattegger, 2005; Harff et al., 2013,
2014).

The first approaches to generating paleogeographic maps of the SCS and
adjacent areas were published by Sathiamurthy and Voris (2006) and Hanebuth et al.
(2011), although these maps temporally covered just the postglacial, and focused

spatially on the Sunda Shelf, rather than on the northern SCS. Yao et al. (2009) also
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reported a series of paleogeographic scenarios, back to 20 cal kyr BP for the NW SCS,
which only dealt with geographic changes in the Last Glacial Maximum (LGM). In
this study, simplified models superposing digital elevation models (DEMs, DEMg
from the General Bathymetric Chart of the Oceans (GEBCO_2014) Grid, version
20150318, http://www.gebco.net) with relative sea-level change (4RSLy) data for both
regional and local geographic models, were developed. The regional paleogeographic
maps produced by our model were used to exhibit scenarios relating to the
development of regional SCS gateways and coastline changes during the Last Glacial
Cycle (LGC).

Lobo and Ridente (2014) suggested that global SL data were valuable when
restoring the architecture of modern shelf sediments, according to Milankovitch
cycles, in areas far away from continental ice sheets, and with insignificant regional
(or local) vertical earth crust movements. Regressive deposits are often eroded during
the glacial period between Marine Isotopic Stages (MIS) 4 and 2 (from 6520 kyr BP),
however, and—apart from some records from high resolution ice-cores, terrestrial
lakes and speleothems samples—the remains of regressive SL systems are usually
scarce except some records from high resolution ice-core, terrestrial lakes and
speleothems samples (Rea and Hovan, 1995; Steffensen, 1997; Nagashima et al.,
2007; Cheng et al., 2016; Sun et al., 2018).

High-frequency Milankovitch cycles are mirrored by sediment architectures in
the continental shelf, and can provide a sequence stratigraphy model to establish a

stratigraphic framework, analyze depocenter changes, and estimate sediment supply
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for the paleogeographic evolution of this region (Lobo and Ridente, 2014). By
applying this theory, Chen et al. (2016) reported seven seismic reflectors, which
represented discontinuities related to SL cycles extending from MIS 5 to the present,
offshore of SW Hainan Island (Fig. 1). The direction of the internal progradation
reflectors of the Hainan delta (Chen et al. 2015; Feng et al., 2018), and provenance
studies on the Cenozoic sediments of Beibu Gulf (Cao et al., 2015; Jiang et al., 2015;
Cui et al., 2018) argued that Hainan Island rock erosion could be considered as one of
the most important geological processes for this paleo-delta. However, these studies
did not discuss factors controlling the formation of the Hainan delta, and the sediment
source-to-sink systems at the NW continental margin of the SCS.

In this article, we have contributed to this discussion by combining SL data,
DEM data, seismic profiles, and sediment logs from core ZBW drilled by the
Guangzhou Marine Geological Survey (GMGS), to generate two paleogeographic
scenarios. We believe that our results will help improve understanding of the factors
that controlled the formation of the Hainan delta, and reveal how the
paleoenvironment—climate, weathering, oceanographic conditions, and so on—
evolved in the sediment source-to-sink systems at the NW continental margin of the
SCS. We also hope that our study has contributed to the understanding of regional
climate conditions in SE Asia during the transition from MIS 4 to 3.

Our paleogeographic scenarios provided background for synoptic analyses of
both the Late Pleistocene paleoenvironmental changes to the NW continental margin

of the SCS, and the oceanographic dynamics and sediment transport processes of
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Beibu Gulf (Zhang et al. 2020).
2. The research area
2.1 Geological setting

Geographically, the SCS is adjacent to South China to the north, the Indochina
Peninsula to the west, and is limited by the island chains from Borneo to Luzon to the
S and E, respectively. Nowadays, the SCS is connected with the Okinawa Trough
through the Taiwan Strait (~ 70 m water depth [WD]) in the north, with the Pacific
Ocean through Luzon Strait (2400 m WD) in the NE, with the Sulu Sea through
Mindoro Strait (450 m WD) and Balabac Strait (100 m WD) in the E, and with the
Indian Ocean through Malacca Strait (30 m WD) in the W (Wang et al., 2009). These
interconnections make the geography of the SCS highly sensitive to SL change.

Beibu Gulf is surrounded by Guangxi Province (China) to the N, by Leizhou
Peninsula, Qiongzhou Strait, and Hainan Island to the E, and by northern Vietnam to
the W. Its slopes are relatively gentle in its northern and western parts, while it is
relatively steep along its E slope, where it connects to W Hainan Island. Quaternary
sediment in the gulf consists mainly of sedimentary sequences reflecting SL changes,
which in turn mirror the climate cycles associated with changes between glacial and
interglacial periods, as nominated in the hypothesis first formulated by Milankovitch
(1930, 1941). Chen et al. (2015) and Huang et al. (2015) published the first sequence
of stratigraphic descriptions for Late Pleistocene sediments in the E Beibu gulf, using
seismic survey data and sediment core HDQ?2 (Fig. 1).

2.2 The Hainan delta
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The Hainan delta was first identified from 2-D seismic profiles, and was defined
as a Late Pleistocene proto-delta, covering an area of more than 25,000 km? in the
offshore Yinggehai Basin, SW of Hainan Island (Chen et al., 2015; Huang et al.,
2015). Two wells were drilled for sedimentological studies after the discovery of the
delta (see sites LDW and ZBW in Fig. 1), while previous investigations had revealed
that it (consisting mainly of muddy-silty sediments) was formed after the MIS 4 SL
minimum, when the subsequent SL rise was outpaced by sediment supply from
different sources.

2. 3 Oceanography

The changes of surface circulation in the SCS is primarily influenced by the East
Asian monsoon and the north-westward Kuroshio Current invading from the north-
eastern part of the SCS. In winter, there is a basin-wide cyclonic gyre, named the NW
Luzon Cyclonic Gyre, prevailing in the northwestern SCS (Fang et al., 1998).
Additionally, it is noticed that a south-westward Guangdong Coastal Current along the
northern shelf of the SCS is generated by the winter monsoon (Fang et al., 1998).
During summer, mesoscale anticyclonic eddies frequently move along the continental
slope from southwest of the Taiwan Island to west of the Dongsha Islands,
superposing with the Loop Current and the SCS Warm Current (a separated flow from
the SCS Branch of Kuroshio Current) (Hu et al., 2000). The NW Luzon Cyclonic
Gyre still exists in northwestern SCS in summer but has reduced and shifted eastward,
whereas the NW Luzon Cyclonic Eddy stays approximately at the same position

(Fang et al., 1998). On the northern shelf of the SCS, the current systems have
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completely changed during periods of SL low-stand of the LGC when the Qiongzhou
Strait emerged and the Beibu Gulf became a fjord-like embayment.
2.4 Climatic and paleoclimatic condition

The climate and surface circulation of the SCS are mainly influenced by the
Western Pacific Warm Pool (WPWP) and the seasonally reversed East Asian monsoon
systems. Sea surface temperature (SST) of the SCS ranged from 25.5 °C to 28.9 °C
during the MIS 5 and decreased continuously to MIS 4 with the lowest values of ca.
24 °C around 58 kyr BP (Zhao et al., 2006). It is notable that the SST values during
the MIS 4.2 (ca. 60 kyr BP) are even lower than those during the LGC (Zhao et al.,
2006). The strong SST cooling during the MIS 4 mainly corresponds to Heinrich
Event H6, which is observed in many SST records from the Atlantic. The SST values
of MIS 3 are generally low, ranging from 26 °C to 24.5°C; which are slightly higher
than the SST values of MIS 4.2 (Zhao et al., 2006). During the MIS 2, the SST
continues the trend of high-frequency and high amplitude fluctuations before the
postglacial warming during MIS 1 starting to govern climatic evolution (Zhao et al.,
2006). In particular, the climatic and related sea-level history of the late Holocene
(since ca. 6 kyr BP) have caused the formation of the large deltas associated with
main rivers in Southeast Asia, including the Red River and the Mekong River.
3. Data and methods
3.1 Sediment data

Sedimentology and depositional age data from sediment core ZBW (site: 17°

10.43' N, 109° 1.67" E; water depth: 105 m; core length: 100.75 m) drilled by the
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GMGS (see Fig. 1 for location) were used in this study. Seismic reflectors, lithology,
and optically stimulated luminescence (OSL) age data are presented in Fig. 2. Hainan
delta sediments, as represented in core ZBW, were approximately 48 m thick, and the
sedimentological descriptions is as follows: 0-10 m, sand and silt with shell
(Foreshore layer); 10-27 m, sand and mud containing coarse sand in the sediment
bottom, and cross-bedding (Upper—middle shore layer); 27-30 m, sand and silt, with
more sand present than in the upper layers, coarse debris (Delta layer); 30-65 m, sand
and clay, shell debris, cross-bedding (Delta layer); 65-73 m, silt and clay, massive
structure (Delta layer); 73-90 m, sand and silt, gravel and shell debris (Channel layer);
and 90-100 m, clay and silt (Levee layer).

In this study, deposition age boundaries for Hainan delta sediments, determined
using OSL analyses of core ZBW (Feng, 2018a) suggested that the R1 (top delta
interface) and R2 (bottom delta interface) horizons were formed at 56 + 3 and 65 + 4
kyr BP, respectively (Fig. 2). This indicated that the Hainan delta developed mainly
between 65 and 56 kyr BP, which corresponds in geological time to the transition
period between MIS 4/ 3.

3.2 Acquisition, processing, and interpretation of seismic reflection data

The seismic data profiles used in our study included both single channel seismic
data, measured by GMGS during two RV Fendou 5 expeditions (Chen et al., 2016; Ni
et al., 2016), and Parasound data measured by the Leibniz Institute of Baltic Sea
Research (IOW), during RV Sonne expedition 219, in 2011 (Schulz-Bull et al., 2012).

The seismic lines were recorded on the Chinese part of Beibu Gulf, without the
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Vietnamese margin (Fig. 1). Details of these seismic data may be found in the Method
Details.

Reflectors R1 (56 kyr BP) and R2 (65 kyr BP) were identified using strong
seismic reflection characteristics and sediment lithology. These reflectors, as well as
the sea floor reflector (RO), were revealed in the profiles from the seismic data using
IHS KINGDOM software. The margin-wide surfaces of discontinuity (RO, R1, and
R2), which were traced from the shelf break to the inner shelf, were identified based
on analysis of the reflection terminations, and define the major seismic units (SUs).
Time-depth conversions were calculated using unit thicknesses measured on both
seismic profiles and the ZBW core. Sound velocities of 1577 and 1635 m / s were
assumed for sediment SUs (RO-R1) and (R1-R2), respectively (Miluch et al., 2020,
this issue).

Following conversion to metric, SU (R0O-R1) and (R1-R2) thicknesses were
estimated using Golden Software Surfer, with the universal kriging model (Olea, 1999)
applied by using Golden Software Surfer (Yang et al., 2004) to generate the thickness
models. The sediment mass calculation algorithm was also applied, and more detail
on the application of these methods is available in the Method Details.

3.3 The paleogeographic GIS-based Model

In this study, the broad purpose of the paleogeographic GIS-based model was to
display the changes in a reference digital elevation model, DEMoy, including the
marine and terrestrial research area, during a time span, A¢. This time span included

differences in the paleogeographic scenarios active from 0 (present time) to 123 kyr
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BP (MIS 5 SL high). DEMo was created from existing GEBCO database digital
elevation data, with a 30 arc-seconds resolution. For the regional SCS scale data, we
used GEBCO_2014 grid data, extending from 95° E, 10° S to 128° E, 27° N, and for
the local scale of the NW SCS, we integrated seismic and multi-beam data which
extended from 104° E, 14° N to 115° E, 23.5° N. The general paleogeographic, GIS-
based model has been explained in more detail in the Method Details.

Data on relative SL changes at continental margins are available globally for the
post-glacial period, while regional SCS SL reconstructions covering the Last Glacial
Cycle (LGC) are not. SL data published by Waelbroeck at al. (2002) have been widely
used to cover the last 430 kyr BP in the literature. Using DEMo and selected global SL
data from Waelbroeck et al., 2002, we generated paleogeographic scenarios related to
seven relative SL maxima and minima. All SL data are listed in Table 1 and shown in
Fig. 3. The date of the MIS 4 SL minimum and the age of reflector R2 were too close
to be separated, according to the confidence intervals of the data, so we used data for
reflector R2 to represent the MIS 4 SL minimum.

The back-stripping method (Allen and Allen, 2008) was applied in this study to
obtain paleogeographic scenarios at 65 kyr BP (MIS 4 SL minimum and the onset of
Hainan delta formation) and 56 kyr BP (MIS 3 / R1 SL maximum and Hainan delta
top truncation). The back-stripping method was also required for reconstructing paleo
channels, and for morphodynamic numerical experiments (Zhang et al., 2020), with
additional detail provided in the Method Details.

We simplified the procedure by only considering Beibu Gulf bathymetry



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

variation, using stepwise removal of thicknesses—(4SEDro.r1) for sediment unit (RO-
R1), and (4SEDrir2) for sediment unit (R1-R2)—to reconstruct Beibu Gulf paleo-
relief at 65 kyr BP (MIS 3 / R1 SL maximum) and 56 kyr BP (Hainan delta top
truncation), respectively. GIS-layers representing ASEDro-ri and ASEDrir2 thickness
models were generated using the geostatistical methods described in the Method
Details.
3.4 Circulation model

Simulation results from a three-dimensional circulation model which has been
successfully applied to the SCS (Chen et al., 2016, 2019; Zhang et al., 2016a, 2016b,
Yin et al., 2019) are used to investigate the paleo-oceanographic circulation patterns
in our study area. The circulation model contains two major functional modules: (a) A
3-D circulation module based on the Princeton Ocean Model (Blumberg and Mellor,
1987; Mellor, 2003) adopting the fourth-order vertical pressure gradient scheme from
Mccalpin (1994) to better resolve hydrodynamics over complex topography
characterised by sharp bathymetric gradients (e.g. around seamounts and above shelf
breaks), and (b) A bottom boundary layer module adopting a quadratic drag
relationship (with a constant drag coefficient 0.0025) between bottom current velocity
and bed shear stress. The readers are referred to the Method Details for details of the
model setup and parameterizations.
4. Results
4.1 Paleogeographic reconstructions of the SCS and the NW SCS during the LGC

In the work described in this paper, we reconstructed paleogeographic scenarios
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for the entire SCS on a regional scale, before generating local-scale scenarios for its
NW shelf, based on the GIS-based model described in Section 3.3. Due to lack of
comprehensive data coverage, site-specific sediment accumulation thickness during
the LGM and vertical crustal movement rates were not considered for the regional-
scale reconstruction. NW SCS paleogeographic scenarios were also reconstructed,
using the DEM and global SL change data. The paleogeographic reconstruction
during the LGC can be seen in Figs 4 and 5, which illustrate the paleogeography, at
regional and local scales, for 123 kyr BP (MIS 5 SL maximum), 65 kyr BP (MIS 4 SL
minimum (R2)), 60.5 kyr BP (MIS 3 SL maximum), 56 kyr BP (MIS 3 SL maximum
(R1)), 20 kyr BP (MIS 2), and 0.5 kyr BP (MIS 1).

4.1.1 SCS paleogeographic scenarios during the LGC (MIS 5-1)

During the Last Interglacial Period (MIS 5), the relative SCS SL was ~ 6.5 m
higher than the present-day level (Fig. 3; Table 1). The SCS continental shelf was
wider than now, and the deep basin water depth averaged ~ 4700 m (Fig. 4a). The
Malacca, Balabac, Mindoro, Luzon, and Taiwan straits were wider, which resulted in
the SCS being a relatively open sea (Fig. 4a). The SCS expanded largely because of
rising SL, which rose at rates of up to 135 m / kyr over the period from MIS 6 to MIS
5. Under these conditions, the SCS coastline retreated, and many lagoons and islands
developed. The rising SL also caused the coastal plains and river deltas of Vietnam
and Thailand to be completely submerged, and the continental shelf expanded by > ~
1 x 10° km?,

During the MIS 4 SL minimum (65 kyr BP), the SL dropped by 91.15 m, to a
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point ~ 84.65 m lower than the present-day level. The NW SCS continental shelf was
exposed as a coastal plain, and was unaffected by any marine influence (Figs 4b and
5b). Our reconstructions showed that the SCS connections to the Indian Ocean to the
south and the Okinawa Trough to the north were closed, and that the SCS was only
connected to the Pacific Ocean through the Luzon Strait. As the Qiongzhou and
Taiwan straits were closed, Hainan and Taiwan islands were contiguous with the
South China mainland. Sunda Shelf and Beibu Gulf were exposed, and eroded in
terrestrial environments, generating many buried paleo-channels and subaqueous
deltas in the W SCS. These channels and deltas were covered by younger sediments
during the later high SL stages and were imaged on our seismic profiles. Large rivers,
such as the Mekong and Red rivers, supplied terrestrial sediments further seaward, all
the way to the shelf slope break. Our results also showed that the Indochina and
Malay peninsulas, and the islands of Sumatra, Kalimantan, and Java, were united into
a single landmass, making the SCS a continental sea during the MIS 4 SL minimum.
As the glacial period ended, the SL rose again, reaching a level 48 m lower than
the present-day during MIS 3. A fast transgression occurred in the SCS, and the
coastline retreated quickly, to the point where, as shown in Fig. 4c, the rising sea
submerged Sunda Shelf and Beibu Gulf. At this point, the shoreline retreated to more
than half of the present-day continental shelf width, and then, after the de-glacial
period in MIS 3, the SL fell again, reaching a level 56 m lower than the present-day,
at the time of R1. At this time, coastal areas such as the Red and Mekong river

estuaries were exposed, developing several paleochannels (Fig. 8a). The SCS was still
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small, and was only open to the Western Pacific Ocean due to the connection between
the Malay Peninsula and Sumatra.

The time of R1 sediment formation (56 kyr BP) was a period of relatively high
SL in MIS 3, with an SL 55.90 m below the present-day level (Table 2). The
paleogeographic characteristics at 56 kyr BP were similar to those in MIS 3, and the
ocean was approximately the same size (Figs 4c and d). The north and south parts of
the Taiwan Strait were not completely open, and Taiwan Island was still connected
with the South China mainland. At this time, the area of Beibu Gulf decreased, and
the coastline retreated to the W margin of Hainan Island. The Gulf of Thailand was a
saltwater lake, and was probably not connected to the SCS, while Sunda Shelf shrank
back, and its coastline became complex, with many islands, fjords, and lagoons.
During this period, as in MIS 3, the Red and Mekong river deltas were located more
than 150 km further offshore than now.

During the LGM, the SL declined rapidly again. We reconstructed the MIS 2 (20
kyr BP) paleogeographic scenario, when the relative SL was ~ 123 m lower than
present, to characterize the geomorphology of the SCS at the lower SL of the LGM
(Fig. 4e). The results showed that it had adopted a diamond-shaped geometric
character, being connected with the Western Pacific Ocean through Bass Strait. At this
time, the SCS had no shelf, with the present-day shelf (Fig. 4f) totally exposed as a
coastal plain, through which the Red, Mekong and Menam rivers transported sandy
and argillaceous materials to the shelf slope break—and even out to the abyssal plain.

During MIS 1, the SL rose until achieving its present-day level. The
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paleogeographic scenario for this period showed that the SCS extended from NE to
SW, and formed a rhomboid deep basin (Fig. 4f); at this time, almost all straits were
open again, and the SCS manifested as a semi-closed sea, connected to the Okinawa
Trough in the north, the Pacific Ocean in the NE, and the Sulu Sea in the SE. The SCS
boundary was restricted by the continental margin and a series of islands of different
sizes and shapes. The west, south, and north parts of the SCS were close to the
continental shelf of Asia and exhibited slow water depth changes. In the E SCS, the
Manila Trench developed, with a dramatic water depth change, while the width of the
continental shelf on the north and south sides reached nearly 300 km, being narrower
on its W side, at < 100 km. The outer continental shelf had a series of seamount
chains, submarine canyons, and underwater deltas.

4.1.2 Paleogeographic scenarios for the NW SCS during LGC (MIS 5-1)

During MIS 5, the NW SCS relative SL was approximately 6.3 m higher than the
present-day, and most coastal plains were submerged (Fig. 5f). Changes to the
coastline, and to topographic features of the NW SCS, were minor, however, low
altitude areas, including most of the Pearl River delta, Nanliu River, and the Qinjiang
delta, were submerged. Beibu Gulf occupied an area of approximately 2.5 x 10* km?
and exhibited a relatively flat submarine topography. The shelf slope-break, at the 125
m isobath, showed a N-S trend in Central Vietnam, and a NE-SW trend in SE Hainan
Island, shifting to an ENE-WSW trend in offshore Guangdong province, where a
slope-break distribution pattern similar to the present-day existed. Water isobath

patterns in the Yinggehai Basin were convex to the NW, with an axis trending NW-
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SE, revealing deeper water in the center, with shallower depths at the sides. In
contrast, Beibu Gulf isobaths changed very little, probably indicating a flat submarine
geomorphology. The sea deepened rapidly at the shelf break, and the Xisha (Paracel
Islands) were completely submerged.

The R2 reflector (65 kyr BP) represents a sequence boundary with low frequency
and strong amplitude reflection characteristics. It is not only a sedimentary sequence
interface but also an important geological time boundary at the lowest MIS 4 SL
(85.65 m below present-day SL), representing the bottom layer of the Hainan delta.
The paleogeographic scenario of this period was crucial for analyzing the formation
and evolution processes of the Hainan delta, and discussion of the response
relationship between the paleogeomorphology and sedimentation. The SE Yinggehai
Basin was a shallow shelf, while its NW and north parts were land areas with an
altitude of < 80 m, representing typical offshore plain and river delta plain
environments. At this time, Hainan Island elevation ranged from 150-300 m, and may
have suffered from strong denudation.

During MIS 3, the relative SL rose again, and our DEM results showed that the
Beibu Gulf coastline was 50-100 km inland from the present coastline (Fig. 5c).
Beibu Gulf surrounded Hainan Island with a C shape, while the island itself was
connected with continental South China, and was the highest topographic feature in
the NW SCS, therefore playing a major role in the development of the Hainan delta in
the NW SCS continental shelf.

The R1 reflector formation time was at 56 kyr BP, representing another
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important stratigraphic interface sequence between interglacial MIS 3 and glacial MIS
2. During this period, the relative SL was 55.90 m lower than the current sea level,
and 4.60 m lower than the MIS 3 maximum sea level. Beibu Gulf shrunk noticeably
and showed a remarkable coastline migration (Fig. 5b), which was either a response
to the relative SL drop, or was associated with a Red River delta precursor. The north
and south parts of Taiwan Strait were still not completely opened, and Taiwan Island
was still connected to the South China mainland. In this period, Beibu Gulf shrank
and the coastline retreated to the W margin of Hainan Island. The Gulf of Thailand
was a saltwater lake, probably unconnected to the SCS, while Sunda Shelf shrank,
creating a complicated coastline, with many islands, fjords, and lagoons.

In the MIS 2 glaciation period, the relative SL decreased sharply, to a level
approximately 123 m lower than present-day, and the NW SCS regressed. Our work
showed that the NW SCS was mainly characterized by continental shelf slopes and
abyssal plains during this period, with a depth of > 1000 m (Fig. 5a). The shelf
extended NE, and was narrower (< 15 km), revealing significant contraction
compared to the interglacial period.

During MIS 1, the SL rose again, until ~ 6 kyr BP, and has since remained
relatively stable at the present-day level. Details of the Holocene sea-level
regression after 6 kyr BP were investigated by Groh and Harff (2020). Our study has
shown that one effect of SL rise was the opening of Qiongzhou Strait, separating
Hainan Island from Leizhou Peninsula (Yao et al. 2009).

4.2 Reconstruction of paleogeographic scenarios for the MIS 4 SL minimum (R2) and
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MIS 3 SL maximum (R1), in the NW SCS, by back stripping

4.2.1 Sediment units (RO—R1) and (R1-R2) thickness maps

The thickness map of ASEDro-r1 identified Late Pleistocene (MIS 3—present)
terrestrial and Holocene marine sediments. We found that ASEDro-r1 Was mainly
distributed to the W and S of Hainan Island, with a value of < 30 m. It was bordered
by the coastline of the MIS 3 (R1) SL maximum, representing the onset of
regressive sediment accumulation (Fig. 6a). The thickness map (Fig. 6a) shows two
depocenters; one with a maximum thickness > 60 m was located in SE Beibu Gulf,
close to the shelf break, and consisted mainly of Late Pleistocene—Holocene marine
sediments. The other, with a maximum thickness > 50 m, was to be found to the W
of Hainan Island, and consisted of Holocene marine sediments, representing the so-
called “Southern Beibu Gulf Mud Depocenter” (Ni et al., 2016). Holocene marine
sediments with insignificant thickness (< 5 m) on the shelf outside the MIS 3 (R1)
coastline have not been discussed in this paper.

ASEDg1 g, records the SL history between the MIS 4 SL minimum and the MIS
3 SL maximum; we found that it was bounded by unconformity (reflector R2) at the
bottom, marking the erosional surface of the MIS 4 SL minimum. At the top, it was
bound by reflector R1, which indicated the SL fluctuation (flooding surfaces) during
the MIS 3 SL maximum. The distribution and extension of ASEDri > Was seen to
substantially increase, which was consistent with the distribution of the ancient
coastline in MIS 3, especially extending northwards to the W and N margins of

Hainan Island.
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We found that 4SEDr1-r, Was spatially distributed around Hainan Island in a c-
shaped formation. Areas showing a thickness > 10 m were found over > 80% of the
whole area, with thicknesses > 30 m found over > 50%. A sediment layer > 40 m
thick was distributed to the S of Hainan Island, in a pillow-shaped formation,
reaching its maximum thickness of > 60 m. Overall, sediment layer thickness here
increased from the NW to the SE, with its depocenter at the intersection of the
Yinggehai—Qiongdongnan basins, on the S side of Hainan Island. We found that this
depocenter had moved, since 65 kyr BP, from the north to the south and gradually
away from Hainan Island. As shown in Fig. 6b, 4SEDr1 r. had two Late Pleistocene
depocenters—one being the Hainan delta in the SE, and the other a fan formed to
the W of Hainan Island—which were interpreted as being relicts of the paleo Red
River delta. In terms of sequence stratigraphy, both ASEDro-r1 and ASEDri_r, Were
regarded as “Para-sequences”, based on the definitions proposed by Van Wagoner et
al. (1988, 1990).

4.2.2 DEMssiyrsp and DEMesiyrsp reconstructed by back-stripping

Using the results from Section 4.2.1 on sequence stratigraphic interpretation,
sediment unit thickness calculations, and stratigraphic back-stripping correction, our
research focused on reconstructing MIS 3 (R1) SL maximum (DEMseier ), and MIS 4
SL minimum (DEMeskyer) paleogeographic scenarios for the NW SCS (Fig. 7).

During MIS 3, as depicted in Fig. 7a, the geographic character of Beibu Gulf
changed; its depth to the W of Hainan Island was <5 m, and a small submarine trough,

with a depth of 30—40 m was seen to occur in the Yinggehai area, SW of the island.
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This trough expanded in the sea transition zones on the W and SE sides of the
Yinggehai and Qiongdongnan areas, deepening to > 60 m.

The paleo-DEMeskyrsr map (Fig. 7b) reflects the geographic characters of the
Hainan delta before it began to develop. During this period, the coastline extended as
far north as the NW of Hainan Island, and as far west as the Vietnamese outer shelf,
allowing the Yinggehai area to expand to at least three times its previous size.

The paleogeographic features of the NW SCS changed from the MIS 4 SL
minimum to MIS 3(R1) SL maximum. With the rise in relative SL, the coastline
retreated significantly in the south Chinese and Vietnamese continental margins,
except in the Hainan Island vicinity. In contrast, the "depression” of the MIS 4 SL
minimum was absent from the S of the Yinggehai Basin during the MIS 3(R1) period,
indicating that the formation of the Hainan delta had significantly changed the NW
SCS morphology.

Using information concerning paleo-rivers extracted from seismic data, and
from the paleo-valleys network from the DEM for the NW SCS, we reconstructed the
river networks extant at 56 kyr BP. As shown in Fig. 8a, the South China continental
shelf and Hainan Island shelf had different river systems. There were large, N-S
trending river systems in the north part of the Beibu Gulf, NW-SE trending river
systems in the south part of the Beibu Gulf, E-W and NE-SW trending river systems
in the northern margin of Vietnam, an underwater channel system from NW-SE in the
Yinggehai Basin, and a N-S, independent underwater channel system in the south

central part of the Yinggehai Basin.
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Different types of river systems in different regions may have reflected the
connection between terrigenous provenances (source regions) and the N-W SCS
basins. In particular, sediments from Hainan Island and the Vietnamese margin
(including the Red River system) could both contribute to the Hainan delta. Several
erosional incisions identified by Miluch et al. (2020, this issue) are also shown in Fig.
8, where the obtained patterns show that R2 channels were mainly directed to the
western depocenter of the Hainan delta, whereas the R1 channel system was more
extensive, covering a large part of the shelf area. The observed spatial distribution of
the incised valleys supported an eastward shift in the river drainage systems during
the low SL periods responsible for the R2 and R1 discontinuities.

The R2 system, consisting of 9 channels, was less developed compared to the
R1 system, with 20 identified channels, and this difference may be explained by
eustatic changes. The R2 system was developed during low SL periods; the relative
SL curve proposed by Waelbroeck et al. (2002) indicated that after 65 kyr BP, SL rise
accelerated compared to the period between 56 and 65 kyr BP. The marine
transgression which followed the formation of R2 shortened the time during which the
channel system could develop. E Beibu Gulf remained submerged, which explained
the lack of valleys there. After 56 kyr BP and the formation of R1, the SL began to
decrease (albeit with two periods of slight increases) until the entire shelf area
emerged during the LGM. This long period of shelf emergence provided enough time
and space for a complex channel system to develop, even in the vicinity of the shelf

edge.
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4.3 Circulation model of the SCS with comparison between modern and paleo
circulation pattern

For a better understanding of differences in the regional oceanographic
circulation system on the northern continental margin of the SCS, we carried out
simulations with the 3D circulation model (explained in section 3.4) using the modern
bathymetry (DEMo) and reconstructed paleo-geographic bathymetries (paleo-
DEMeoskyrer and paleo-DEMeskyrep, standing for MIS 3 SL high-stand and MIS 4 SL
low-stand scenarios, respectively) and compare their results.

Results confirm that the patterns and variations of circulation of the SCS are
largely driven by the East-Asian monsoon system (Liu et al., 2008). In typical modern
winter conditions, current velocity (represented by vertically-averaged and seasonal
mean values) is relatively high along the eastern coastline of the Hainan Island with
values around 0.3-0.4 m/s and along the shelf break with values 0.4-0.5 m/s (Fig. 9a).
Currents in the Beibu Gulf are relatively weak with values around 0.1-0.2 m/s along
the western coastline and less than 0.1 m/s in the central part as well as along the
western coastline of the Hainan Island. During summer, currents are energetic along
both the south-western and north-eastern coastline of the Hainan Island with values
around 0.2-0.3 m/s (Fig. 9b), while the rest part of the coastal area is characterized by
relatively calm hydrodynamic conditions with current velocity generally below 0.1
m/s.

In the paleo-oceanographic scenarios, when the sea level mildly dropped from -

48 m (MIS 3) to -56 m (R1: 56 kyr BP), the Beibu Gulf appeared as a coastal
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embayment and the Hainan Island was part of the South China mainland. During
winter, energetic coastal currents (>0.3 m/s) occur along the eastern coastline of
Hainan and Vietnam. Circulation in the embayment (Beibu Gulf) was characterized
by a cyclonic gyre in winter (Fig. 9¢) and anti-cyclonic gyre in summer (Fig. 9d), both
with weak current velocity within 0.1 m/s.

In an earlier stage (MIS 4), as the sea level dropped and the coastline shifted
seaward during glacial time (R2: 65 kyr BP), the embayment area was smaller and the
shelf was narrower than in MIS 3. Simulation results show that in winter monsoon
conditions, coastal currents along the south and south-eastern coastline of Hainan are
quite strong, with velocity around 0.2-0.4 m/s (Fig. 9e). Alongshore coastal current
with similar strength is also seen along a major part of the mainland coast. Such
strong westward coastal currents would be able to efficiently transport sediment along
its pathway (Zhang et al., 2020). Compared to the energetic hydrodynamic regime
along the coast in winter, coastal currents in summer is much weaker and featured by
velocity within 0.25 m/s (Fig. 9f).

5. Discussion
5.1 Paleogeographic evolution of the NW SCS

Based on the global SL change curve (Waelbroeck et al., 2002) and the DEM, we
reconstructed paleogeographic shifts in the SCS, particularly its NW, in more detail
(Figs 4 and 5), to provide a background for understanding sedimentary and
oceanographic changes in the area.

During MIS 5, the warm climate induced rapid global SL rise, to values higher
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than today, so that Beibu Gulf was completely inundated. The SCS and Beibu Gulf
were connected by surrounding ocean basins from the south and to the east (Figs 4a
and 5a). The Vietnamese and Thai coastal plains and fluvial deltas were completely
submerged, and the continental shelf expanded by > ~ 1 x 10° km?2. During MIS 4, in
the NW SCS, Hainan Island was contiguous with the South China mainland, with the
Qiongzhou Strait closed. At the MIS 4 SL minimum (65 kyr BP), climate cooling led
to an SL drop, when, at its minimum, the area of Beibu Gulf was reduced by 70%, and
it became transformed into a small embayment (Fig. 5b).

At this time, most SCS coastal areas, including Sunda Shelf and Beibu Gulf (Fig.
8a), were exposed, and subaqueous deltas developed in the NW SCS. Paleo-channels
associated with these deltas transported sediment from the mainland to Beibu Gulf.
Our modeling suggested that there was a strong coastal current along the S and SE
Hainan Island coastline during winter monsoons, at that time, which could efficiently
transport sediment along its path (Fig. 9e). Further morphodynamic simulation results
showed that the sediments transported by the paleo-rivers along the SE Hainan Island
coast facilitated formation of the Hainan delta, under the influence of this winter
monsoon-driven circulation, astronomical tides, and buoyancy-driven river plumes
(Zhang et al., 2020).

During the MIS 3 interglacial, Hainan Island was still connected with the south
China mainland, even though the SL rose and the area of Beibu Gulf expanded. The
Hainan delta continued to develop, until a termination in approximately 56 kyr BP.

One hypothesis for its termination is that a change of the sediment routing system
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along the Hainan Island coast developed, resulting in a significant reduction of
sediment supply for the delta. In a word, the DEM results revealed that Hainan Island
may have been the main provenance contributor for the paleo-delta—and this was
confirmed by evidence in the seismic profiles covering the study area.

5.2 Sediment transport in the NW SCS and Hainan delta formation during the LGC

Several rivers, including the Red, Ca, and Ma rivers in northern Vietnam, the
Nanliu River in the south China mainland, and the Changhua Jiang, Ningyuan, and
Louwang rivers on Hainan Island, flowed into Beibu Gulf (Milliman and Farnsworth,
2011; Yang et al., 2013). The modern sediment discharge rates of these rivers can be
seen in Table 2, which shows that the Red River is the largest river in this region, with
an annual sediment discharge of 110 x 10°kg (Milliman and Farnsworth, 2011; Yang
et al., 2013). The Ca and Ma rivers were larger than local rivers in NW Hainan Island,
transporting 4 x 10° and 3 x 10° kg / yr sediment to the Yinggehai Basin, respectively.
In addition, the Nanliu River transported 0.032 x 10° kg / yr sediment from the south
China mainland into the Yinggehai Basin.

The Changhua and Wanquan rivers are the two dominant rivers in south Hainan
Island, contributing ~ 80% and ~ 85% of the sediment discharge from SW and SE
Hainan Island, respectively. Meanwhile, the runoff and sediment discharge rates from
major local Hainan rivers are relatively small today, compared to the Red River
(Milliman and Farnsworth, 2011; Yang et al., 2013). Such sediment discharge rates (a
total of ~ 1.8 x 10° t yr* from all major rivers in south Hainan in modern times), are

too small to account for the previous average accumulation rate (~ 3 x 108 t yr?
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between 65 and 56 kyr BP, Miluch et al., 2020) in the Hainan delta. Our
morphodynamic modelling suggested that most sediments transported by the Red and
Nanliu rivers in the NW SCS tended to deposit at their river mouths, with only small
amounts being resuspended by typhoons and deposited into the Yinggehai Basin,
contributing to the development of the Hainan delta (Zhang et al., 2020). Our
simulation results also implied that there was at least ten-times more sediment being
supplied from SW Hainan Island during the development of the river delta than takes
place currently, with most of this accumulated in the Hainan delta.

The distribution of paleo-channels spotted on the subsurface of reflector R2 (65
kyr BP) during the MIS 4 SL minimum, and modelled from our seismic data and
DEM data, showed that the channels on the Hainan Island SW shelf dipped down to
the Yinggehai Basin, and served as sediment transport pathways (Fig. 8b). Directional
semi-variograms from seismic interpretation were used to describe spatial variability
by Miluch et al. (2020), and revealed that Sediment Unit (RO-R1), at 150°, and
Sediment Unit (R1-R2), at 120°, have defined non-trending directions. They also
identified sediment transport from the NE Hainan coast to the Yinggehai Basin, using
the NW-SE prograding clinoforms, which marked the progradation of sediment
sheets of similar thicknesses (Feng et al., 2018a). These results also supported our
interpretation that Hainan Island served as the main source of delta sediment.

Evidence from detrital zircon U-Pb chronology, whole rock geochemistry,
seismic datasets, and sediment flux analysis confirmed that the Red River played an

important role in sediment transport in the NW SCS, whereas the effects of Hainan
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Island and the Vietnamese margin were subordinate to this during the late Paleogene—
early Neogene (Yan et al., 2011; Wang et al., 2014, 2016, 20193, b; Cao et al., 2015;
Zhao et al., 2015; Jonell et al., 2017). Cui et al. (2018) suggested that detrital zircon
U-Pb chronologies and whole rock geochemistry revealed that the Red River, the
central margin of Vietnam, and Hainan Island were the main Yinggehai Basin
sediment sources. However, Hainan Island sediments were transported W into the
central part of the Yinggehai Basin during the late Miocene—Pliocene, and Hainan
Island was the primary source for upper Miocene—Pliocene sediments of the
Qiongdongnan Basin. This suggested that the influence of Hainan Island sediments on
the sedimentary evolution of the NW SCS during the late Miocene—Pliocene was
greater than that of Red River or central Vietnam margin sediments.

It was also noted that the sedimentation rate between the formation of reflectors
R2 and R1 rose from approximately 1 m / kyr to 5 m / kyr (Fig. 2), which led us to
propose that intensified sediment supply outpaced SL rise during the MIS 4 / 3
transition, causing a normal regression (Kendall, 2016) and formation of the Hainan
delta.
5.3 Factors controlling formation of the Hainan delta

Our results indicated that the Hainan delta developed during the MIS 4 / 3
transition, when the SL changed from a low SL (MIS 4) to high (MIS 3). The
transition between MIS 4 and MIS 3 could be regarded as a “Failed Glacial
Termination” (Cheng et al., 2016), and has been correlated with a relative SL rise

resulting from increased Northern Hemisphere Summer Insolation and weak Asian
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monsoons. During the MIS 4 SL minimum period, various paleo-channels were
incised, which delivered the sediment mass from Hainan Island to the Yinggehai
Basin. As discussed above, sediment supply outpaced SL rise during the MIS 4 / 3
transition, causing normal regression and formation of the Hainan delta—suggesting
that the SL rise and a remarkable increase in sediment supply were the factors
controlling Hainan delta formation.

In considering why a sediment mass was transported to the basin, we noted that
there was a high sediment accumulation rate during the delta formation period (~ 5 m
/ kyr compared to ~ 1 m / kyr before and after delta accumulation). This could have
been caused theoretically by tectonic uplift and intensified erosion from land surfaces,
and by regional changes to monsoon patterns, all of which would result in increased
coastal erosion. The balance between Hainan Island uplift and Beibu Gulf subsidence
(including the Yinggehai Basin) should be considered when evaluating the role of
tectonics. The subsidence rate of the central Yinggehai Basin was ~ 4 mm / yr (Lin et
al., 1997), although this process was not linearly declining after the accumulation of
Neogene sediments.

We considered the sediment contribution from MIS 4 to the present-day, which
has been ~ 0.1 mm / yr (Groh and Harff, 2020). The tectonic uplift of Hainan Island in
particular, with respect to the mantle plume hypothesis, has been discussed intensely
in the literature (Xia et al., 2016). A set of vertical crustal movement data was
published by Hu et al. (2015), although these data only referenced a fixed point on

Hainan Island, and were not integrated into a supra-regional geodetic network of
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reference points. To estimate the uplift dimensions, we compared the present position
of AMS- and OSL-dated samples from SW Hainan Island with paleo-height estimates
in the SL curve of Waelbroeck et al. (2002), which allowed us to estimate uplift rates
between 1 and 2 mm / yr for the LGC. These data agreed with most studies published
about the vertical crustal movement of Hainan Island, even though our assumption
was based on dating just two samples (Borowka et al., 2020).

Mestdagh et al. (2019) discussed factors controlling the stratigraphic architecture
of the northern Gulf of Cadiz during the Quaternary, and suggested that: (1) seismic
stratigraphic elements and tectonics mainly controlled the seismic stacking patterns on
timescales of several hundreds of kyr; (2) SL played a critical role in all seismic
stratigraphic elements on timescales < ~ 100 kyr; and (3) on similar timescales,
oceanography mostly influences depocenter distribution, internal architecture, and
seismic facies. Considering this issue, we determined that it was unlikely that a
sudden increase of tectonic uplift between 65 and 56 kyr BP caused surface erosion
sufficient to provide the sediment source for the Hainan delta. The assumption that
external (meteorological) forces played a role in the anomalies of sediment supply for
Hainan delta accumulation sounded more plausible.

Tomczak et al. (2020) reconstructed sea surface temperatures (SST) for the time
span from 65 to 56 kyr BP, the formation time of the Hainan delta, using biomarker
proxy-data analyses of ZBW core samples. According to their SST reconstruction, the
paleo-temperature dropped at 65 kyr BP before returning to warmer conditions at 61

kyr BP, but at no stage did it reach the relatively higher MIS values. The temperature
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drop at 65 kyr BP coincided with a positive anomaly in the 630 record, supporting
the hypothesis of a weakened Asian Summer Monsoon at this time; this weakened
monsoon resulted in lower temperatures and precipitation, which counters the concept
of a high supply of erosional products by riverine transport.

We have reviewed meteorological reanalysis data (Compo et al., 2011) covering
the period 1871-2012, from the 20CR v2 project, to test whether greater monsoon
intensity was also connected with higher precipitation in the Hainan region.
Meteorological reanalysis is the product of a numerical weather prediction model that
is nudged towards available observations, producing an optimal blending of
observations and modelled atmospheric dynamics. In this reanalysis data set, we
noted that Hainan Island precipitation correlated negatively with precipitation over
much of the rest of monsoon-affected Asia, which indicated that strengthened winter
monsoon conditions in Asia did not exclude very high rainfall rates at Hainan Island
(Fig. 10).

We also noted that winters in this period, with higher average precipitation, also
tended to witness extremes of strong daily precipitation—and these conditions might
also have happened during formation of the Hainan delta. Our hypothesis was
supported by paleo-oceanographic modeling based on paleogeographic scenarios for
paleo-DEMsekyrsr and paleo-DEMeskyrep (Fig. 7), and on Beibu Gulf paleo-circulation
models, which included effects from major rivers, and tides, and extreme events such
as typhoons (Zhang et al., 2020).

Zhang et al. (2020) modeled morphological development of the Hainan delta
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over 50 vy, to investigate sediment transport and sedimentation processes associated
with formation of the paleo-delta. They found that comparison of summer and winter
monsoon conditions showed that delta formation developed from the combined
effects of two distinct seasonal monsoons, and their interactions with buoyancy-
driven river plumes and astronomical tides. The contribution of the Red River to delta
development was less than that of local rivers in SW Hainan, due to the combined
effects of regional circulation and tides, which caused the buoyancy-driven plume to
detour around the delta, despite having greater runoff and sediment discharge rates
compared to those from local Hainan rivers. The simulated bed level changes were
consistent with the morphology of the Hainan delta, suggesting that both climate (as
represented by SL) and oceanography were important preconditions for Hainan delta
genesis. We also concluded that intensified longshore transport from the eastern
Hainan coast, which was part of the mainland during the SL minimum, might have

also supplied sediment for delta development.
6. Conclusions

(1) During MIS 5, the warm climate induced rapid global SL rise, to levels higher
than those seen today, which submerged Beibu Gulf completely. The SCS and Beibu
Gulf were connected with its surrounding marine basins by gateways and straits to the
east and to the south, respectively. The climate cooled during MIS 4, so that Beibu
Gulf partly re-emerged during the relatively low SL. On the appearance of alluvial
plains, rivers produced incised valleys which delivered sediment to the river mouths,
forming depositional systems such as deltas. During MIS 3, the rising SL level

resulted in the submergence of the SCS shelves, including Sunda Shelf and Beibu
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Gulf, and the shoreline retreated by more than half of the width of the modern
continental shelf. During the LGM, the SL dropped rapidly, to ~ 123 m lower than the
present-day, during MIS 2. A major part of the SCS continental shelf emerged, and
reverted to a terrestrial environment.
(2) The results of the study described here supported the hypothesis that Hainan delta
sediments formed between 65 and 56 kyr BP, and consisted mainly of weathering
products from Hainan Island. Intensified sediment supply outpaced SL rise at the MIS
4 [ 3 transition, causing a “normal regression” effect. Intensified land-surface and
coastal erosion, which were the results of changing regional monsoon activity, caused
high levels of sediment supply, which led to accretion at the rate of ~ 5 m / kyr,
compared to ~ 1 m / kyr before and after delta accumulation. We considered that the
shift of the Asian Monsoon system to a stronger winter monsoon, connected with
local meteorological effects on Hainan Island and global SL changes, were the main
drivers controlling sediment source-to-sink systems during the LGC at the northern
continental margin of the SCS.
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Figure 1. (a) DEM of the Beibu Gulf and adjacent terrestrial areas showing the
bathymetry and location of the Beibu Gulf, with the location of 1) the profiles in
Fig.1b and 2) the ZBW core. Seismic data used in our study are shown as blue and
orange track plots. Sites of sediment cores ZBW, HDQ2, and LWD-1 are depicted by
yellow spots. The yellow shaded area represents the Hainan delta. DEM data source is
the GEBCO_2014 Grid, version 20150318, http://www.gebco.net. (b) Seismic N-S
profile HDL10, crossing W-E profile HD70, and the characteristics of seismic
reflectors R1 (green line) and R2 (yellow line) in the Yinggehai Basin. BBWB,

Beibuwan Basin; YGHB, Yinggehai Basin; QDNB, Qiongdongnan Basin; PRMB,



1109

1110
1111

1112

1113

Pear River Mouth Basin.

Seismic and Lithology OSL Age (kyr)

210 1 3|0 1 410 1 5|0 1 610 1 710 L 810 1 910

15
- 1.1 m/kyr
25+

R1(27.5m)

T e 30 56 + 3 kyr
=T 351
- 40-
- S 5.2 m/kyr
- “.-.-.-_.--.. 60_.
R1-1(66 m) 65

R2(75.4 m)
: 0.9 m/kyr%

RO-1(4.5 m)
R0-2(9.6 m)

(u)ypdaq
.3 n -
73

|+
'<

R2-1(85.5m)

100

1 Sand with trough cross-bedding

Sand  [EEERH Silty and mud
Silty Shell debris Coarse with trough cross-bedding
Figure 2. Coring profile at site ZBW, Beibu Gulf, showing the primary seismic

reflectors, lithology, OSL sediment age data, and accumulation rates (modified from

Feng et al. 2018b).



1114
1115

1116

1117

1118

1119

20 £

MéS 5C Mis 1

-20
-40 1 N ; [\ wssm
60 ~ N "\7

-80

RSL. mbsl

MIS4 (R2)

-100

-120 1

mig2
-140

10— g
120 105 90 75 60 45 30 15 0
ky BP

Figure 3. Global sea-level curve (modified after Waelbroeck et al., 2002). The mean
is displayed by the bold black line and the grey curves show the corresponding
confidence levels. Low-stand, respective high-stand of Marine Isotopic Stages 5 to 1
as well as the age of reflectors R1 and R2 (standing for MIS 4 sl low-stand) according

to Table 1 are marked (x-axis) together with the related sea-level values (y-axis).



(b) MIS 4 sl low-stand (65 kyr BP)
‘.‘r[._,u X v‘{' C ¥ o &L
R J?

.

T, T A

(ISO) 100° 110° 120°(E)
(c) MIS3(60.5kyr BP)
N ’37’: -

100° 120°CE)
(d) MIS 3 sl high stand (56 kyr B
o7 T >

r AN
W

(150)0 100° 110°
(f) MIS 1 (0.5 kyr BP)
7+ SR ‘

(]so)o 100°
(¢) MIS 2 (20 kyr BP)

T

LY

Sk

. ¢ o 4

10° -
Sy 100° 120°(E) 120°(E)

(wr) uonBAd[

1120 -7000 3000 <1000 -200 -50 0 40 100 300 500 2000 4000

1121 Figure 4. Paleogeographical map of the SCS and adjacent areas (regional scale) (a)



1122

1123

1124

1125

1126

1127

MIS 5, (b) MIS 4 sl low-stand (R2: 65 kyr BP), (c) MIS 3, (d) MIS 3 sl high-stand

(R1: 56 kyr BP), (&) MIS 2, (f) MIS 1.

105 = 107‘0 10" 1112
(d) MIS 3 sl high stand (56 kyr BP)

107° ° o c@ T 10se 1070
(e) MIS 2 (20 kyr BP) {0 MIS 1 (0.5kyr BP)

23 =
MR ol (Vk e -
220 ;F“

o
s10k
20
19°F
18°F
17°F
16°F
15°F

b 1 ° i F

It 3 5 5 115°(}!,)4 105° 107° 109° 3 115° (E)

o
o
<
IS
=
o
S
—~
)

Figure 5. Paleo-geographical maps of the northwestern SCS and adjacent areas (local

-7000 -3000 -1000 -200 -50 0 40 100 300 500 2000 4000

scale) (@) MIS 5, (b) MIS 4 sl low-stand (R2: 65 kyr BP), (c) MIS 3, (d) MIS 3 sl

high-stand (R1: 56 kyr BP), (e) MIS 2, (f) MIS 1.



(b)

Thickness (m)

1128

1129 Figure 6. (a) (4SEDro-r1) thickness of sediment unit (R0O-R1) (scale in m),

1130 (b) (ASEDRr1-r2) thickness of sediment unit (R1-R2) (scale in m)
1131 dark green solid line: recent coastline

1132 dotted black line: paleo-coastline MIS3 sl high-stand, 60.5 ky BP
1133 dotted purple line: paleo-coastline R1 (falling sl), 56 ky BP

(a) 56 ka BP _ (b) 65kaBP

] 240
(N)

Lo7° 113® 115°(K) l()SD 107° 109° L1e 1132 115°(E)

105°

o
a
<
@
=
=}
=
—
3

-7000 -3000 -1000 -200  -100 -80  -60 -40 -20 0 40 100 300 500 2000 4000

1134

1135 Figure 7. (a) Paleo-DEMsgkysp map, (b) Paleo-DEMeskysp map



1136
1137

1138

1139

1140

(a) 56 ka BP
g e

24°

107° 109° 3° 15°(E) 1050 ° 113° 115 (L)

(ur) wonrAdd

-7000 -3000 -1000 -200  -100 -8R0 -60 -40 -20 500 2000 4000
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Figure 10. Results of re-analysis of meteorological data from 1871 to present.

(a) Correlation between June-August precipitation on Hainan island and

June-August precipitation in Asia.

(b) Correlation between June-August precipitation on Hainan island and

June-August precipitation in Asia and June-August 850h Pa wind.
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