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Key Points:

® Sedimentary records from shallow and deep-water sites have differing sensitivities
to changes in ocean currents and the East Asian monsoon.

® (lay mineralogy in shallow sites reflects sea-level change, while deep-water
records respond to incursion of the Kuroshio Current.

® Magnetic grain-size indicates stronger deep currents during Heinrich Stadial 1,

associated with the North Pacific Intermediate Water.
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Abstract

Sedimentary deposits from the northern South China Sea (SCS) can provide
important constraints on past changes in ocean currents and the East Asian summer
monsoon in this region. However, the interpretation of such records spanning the last
deglaciation is complicated because sea-level change may also have influenced the
depositional processes and patterns. Here, we present new records of grain size, clay
mineralogy, and magnetic mineralogy spanning the past 24 kyr from both shallow- and
deep-water sediment cores in the northern SCS. Our multi-proxy comparison among
multiple cores helps constrain the influence of sea-level change, providing confidence
in interpreting the regional climate-forced signals. After accounting for the influence of
sea-level change, we find that these multi-proxy records reflect a combination of
changes in (i) the strength of the North Pacific Intermediate Water inflow, (ii) the East
Asian summer monsoon strength, and (ii1) the Kuroshio Current extent. Overall, this
study provides new insights into the roles of varying terrestrial weathering and
oceanographic processes in controlling the depositional record on the northern SCS

margin in response to climate and sea-level fluctuations.

Plain Language Summary

Sediments in the South China Sea (SCS) provide important records of past changes
in the ocean circulation and atmospheric patterns in the Pacific Ocean. However, the
interpretation of sedimentary archives from this region in terms of changes in the ocean
currents or the climate-driven sediment supply can be challenging because of the
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potential influence of global sea-level fluctuations. In order to better constrain these
multiple controls on the sedimentary regime of the northern SCS, we present new
mineralogical records from sediment cores collected from both shallow- and deep-
water sites. After assessing the effects of sea-level change, we find that the clay mineral
assemblage in shallow sites from the northern SCS can generally be used to reconstruct
the evolution of the East Asian summer monsoon. In deep-water sites, the clay
mineralogy instead reflects changes in the relative abundance of sediment supplied
from Taiwan compared to Luzon, revealing an enhanced inflow of the Kuroshio Current
during the mid-late Holocene. Furthermore, millennial-scale variability in the North
Pacific Intermediate Water inflow can be traced using changes in magnetic mineralogy

and the inflow appears to have been stronger at the end of the last ice age.

1. Introduction

The South China Sea (SCS) is the largest marginal sea of the western Pacific
Ocean, and is an ideal location for reconstructing past environmental changes in
southeast Asia in response to climate change. The northern SCS is characterized by a
broad continental shelf area adjacent to a deep marine basin, which is connected to the
Pacific Ocean through the Luzon Strait (Wang et al., 2005; Zhao et al., 2018) (Figure
1). Its ocean currents are influenced by the East Asian monsoon system and the global
thermohaline circulation (Wang et al., 2014). Meanwhile, its sedimentary regime is
controlled by the large volumes of terrigenous sediment supplied from mainland Asia
and adjacent islands (Z. Liu et al., 2016), and subsequently redistributed by surface and
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deep-water currents (Zhong et al., 2017). As such, sediment transport may be influenced
by various systems including (i) the East Asian monsoon system, (ii) long-shore
currents, (iii) the branches of the Kuroshio Current that intrude the SCS, (iv) the deep-
water currents originating in the Pacific Ocean, and (v) global sea-level changes (Yuan
et al., 2014; Zhao et al., 2014) (Figure 1a). However, the interplay of these different
processes in terms of their influence on the depositional regime of the northern SCS
remains ambiguous in the geological past (Zhang et al., 2022).

A better understanding of the depositional system in the northern SCS is essential
if reliable paleoclimatic and paleoceanographic information is to be derived from
marine sediments archives. To this end, records from multiple sites, and the integration
of multiple proxies that have differing sensitivities to terrestrial weathering and erosion
and to sediment transport processes are required (Boulay et al., 2007; Clift et al., 2014;
Hu et al., 2012). For example, clay mineralogy has gained particular attention for
reconstructing the past evolution of erosion and weathering on the adjacent Asian
continent and islands over a range of timescales (Liu et al., 2008; 2009). However, both
physical erosion and chemical weathering can change the nature and proportion of
different clay minerals available in the source area and/or transported to the ocean
through time (Clift et al., 2014; Zhao et al., 2018). The physicochemical properties of
magnetic particles, which are produced in the different continental source areas
surrounding the SCS, could therefore represent an alternative tracer for changes in the
detrital sources (Horng et al., 2012; Horng and Huh, 2011; Huang et al., 2021; Kissel
et al., 2016, 2017). In a review, Clift (2016) argued that thermochronology methods
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make the most effective provenance tools in the SCS because of the changing and
overlapping character of many other provenance tracers between potential sources.
Alternatively, because magnetic grains are generally less sensitive to weathering than
the clay fraction, the combined use of magnetic and clay mineralogy has the potential
to provide complementary constraints on the past evolution of monsoon-driven inputs,
sediment redistribution, and ocean circulation in this region (Chen et al., 2017; Kissel
etal., 2020; Zheng et al., 2016). Hence, the overall goal here is to unmix and distinguish
the various processes controlling the multiple proxies to obtain reliable paleoclimatic
information.

Understanding the roles of past sea-level variability and provenance change are
crucial for disentangling the complex driving mechanisms influencing the sedimentary
regime of the northern SCS (Phillips and Slattery, 2006; Weaver et al., 2000). On the
one hand, global sea level was ~130 m below modern levels during the Last Glacial
Maximum (LGM; ~24-19 ka), leading to different land-sea configurations around the
SCS that significantly influenced the inputs of terrigenous matter and its redistribution
within the basin (Xiong et al., 2020). Both fluvial transport and ocean circulation were
affected by the lower sea level, resulting in different transport and depositional patterns
for terrigenous sediment during glacial periods (Zhang et al., 2022; Zhong et al., 2021).
On the other hand, the northern SCS is currently dominantly supplied by sediments
from the Pearl River, Taiwan, and Luzon (Figure 1b), such that past variability in
sediment sourcing could also influence the wvalidity of paleoclimatic proxy
interpretations (Liu et al., 2019). Therefore, detrital sediment records from this region
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will reflect a mixture of signals, including the source effects of changes in continental
runoff linked to monsoon rainfall, local and regional oceanic transport pathways, and
global sea-level change. However, it remains ambiguous how and to what extent past
climatic variability, provenance change, and sea-level change have influenced the
sedimentary records from the northern SCS (Zhang et al., 2022).

In order to fully understand the source-to-sink detrital sediment system in the
northern SCS, we must consider depositional patterns near estuaries (Hu et al., 2013),
near the shore (Li et al., 2015), and within the deep basin (Kaboth-Bahr et al., 2021;
Wan et al., 2007; Xu et al., 2021; Zhao et al., 2018). In this study, we analyzed two
marine gravity cores that represent a depth transect from the marine continental shelf
to the deep ocean basin (Figure 1b), enabling us to constrain the regional depositional
regime of the northern SCS and its links to sea level and paleoclimate variability over
the past 24,000 years. We combined grain-size analysis, clay mineralogy, and magnetic
properties of the sediments to detect changes in the terrigenous sediment composition
and provenance, and to assess their controlling factors including (i) sea-level, (i1) the

East Asian monsoon, and (iii) regional ocean circulation patterns.

2. Materials and Methods
2.1. Sampling and lithology

We analyzed sediments from two gravity cores collected from the northern SCS
shelf and slope region: (i) Core FO7 (20°10"1.1"N, 115°44'51.480"E, water depth 800
m) and (i1) Core 16ZB-S11 (hereafter called Core S11; 19°38'27"N, 117°36'14"E, water
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depth 3038 m) (Figure 1b). Core S11 was retrieved during the “OPEN RESEARCH”
cruise in 2016 and Core FO7 was collected onboard R/V YUEXIAYUZHI20026 by the
science party (South China Sea Institute of Oceanology, Chinese Academy of Sciences)
in 2019. The shallower Core F07 is bathed in SCS Intermediate Water while the deeper

Core S11 lies within SCS Deep Water (Figure 1a). The sediments at both sites are

homogenous and predominantly comprise grey silts and clays, with no obvious hiatuses.

For this study, we selected 10 mg of mixed planktonic foraminifera species (N.dutertrei,
G. ruber, G. sacculifer) from both sediment cores for accelerator mass spectrometry
(AMS) 'C dating, which was conducted at the laboratory of Beta Analytic.
Furthermore, samples were taken at 1-3 cm intervals throughout the 3—4 m cores to
perform analyses of grain size in Core F07, and clay mineralogy and magnetic

mineralogy in both cores.

2.2. Grain size analysis

A sequential procedure was used to extract the detrital fraction from the bulk
sediments before grain-size analysis, as follows: (1) carbonate was removed with 1 N
HCI at 60°C for 1 h; (2) organic matter was removed with 30% H>O» at 85°C for 1 h;
and (3) biogenic silica (including diatoms and radiolarians) was removed with 2 N
NaxCO3 solution at 85°C for 4 h. The remaining detrital fraction was rinsed with
distilled water three times. The grain-size distribution of the detrital fraction was then
measured using a Malvern Mastersizer 3000G laser diffraction particle analyzer with a
measurement range of 0.01-2000 pum and 0.25 @ interval resolution. The work was
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conducted at the Centre for Marine Magnetism (CM?), Southern University of Science
and Technology. The relative standard deviation (RSD) of the measurements is 0.5%
and the reproducibility of the instrument is better than 2%. For grain-size analysis, we
subsampled Core FO7 at 1 cm intervals. Additionally, we used a grain-size end-member
(EM) modelling approach (Paterson and Heslop, 2015) to identify the number of
theoretical EMs that may have contributed to the sediment and to assess the changing

relative proportions of each EM through time (Figure 2).

2.3. Clay mineralogy

Clay mineral analyses were carried out on the <2 um fraction, which was separated
based on Stokes' settling velocity principle and recovered by centrifuging (Dane et al.,
2002), following the removal of organic matter and carbonate by treating with hydrogen
peroxide (15%) and acetic acid (25%). The extracted clay minerals were smeared on
glass slides after being fully dispersed by an ultrasonic bath, and then dried at room
temperature. Clay mineral analysis was conducted by X-ray diffraction (XRD) using a
D8 ADVANCE diffractometer with CuKa (alpha) radiation (40 kV, 40 mA), at the Key
Laboratory of Marine Geology and Environment, Institute of Oceanology, Chinese
Academy of Sciences.

Identification of clay minerals was made according to the position of the (001)
series of basal reflections on the three XRD diagrams (Moore & Reynolds, 1989). Semi-
quantitative estimates of peak areas of the basal reflection for the main clay mineral
groups (smectite-17 A, illite-10 A, and kaolinite/chlorite-7 A) were carried out on
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glycolated samples using Topas 2P software with the empirical factors of Biscaye
(1965). Replicate analysis of the same sample produced results with a relative error of

+ 5%.

2.4. Magnetic mineral measurements

Volume low- and high-frequency magnetic susceptibility (yr and ynr) were
measured at low (976 Hz) and high frequency (15616 Hz) under low fields (200 m/A)
using a Kappabridge MFKI1-FA (AGICO). Frequency-dependent magnetic
susceptibility (yr) was calculated from yra = [(Gur-yne)/yc] % 100%, and serves as an
indicator of the relative content of the ultra-fine magnetic particles close to the
superparamagnetic (SP)/single domain (SD) boundary of ferrimagnetic minerals
(Oldfield, 1991).

Each sample was subjected to an alternating field (AF) with a peak field of 100
mT and a direct current (DC) bias field of 0.05 mT by a D-2000 AF demagnetizer to
obtain the anhysteretic remanent magnetization (ARM), which is regarded as
representative of the stable SD ferrimagnetic content (Oldfield, 1991). The
susceptibility of anhysteretic remanent magnetization (yarm) was obtained from the
ARM divided by the DC bias (0.05 mT). Saturation isothermal remanent magnetization
(SIRM) was imparted to the Z-axis for each sample with a DC field of 1 T using an IM-
10-30 Impulse Magnetizer and was measured on JR-6A Spinner Magnetometer
(AGICO). The values of SIRM depend primarily on the content of magnetic minerals
and secondarily on the magnetic crystal grain size, but are insensitive to
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superparamagnetic domains. Subsequently, samples were demagnetized with
backfields of -100 and -300 mT, and the corresponding remanence values were
measured, termed IRM.100 mr and IRM.300 mt. The parameter HIRM3pomt is defined as
0.5 x (SIRM1,01 + IRM:300 mt), and the S-ratio is defined as -IRM_300 m7/SIRM1 o1 (King
& Channell, 1991). Analogously, HIRM oo mT is defined as 0.5 x (SIRM;. ot + IRM.100
mT). HIRM100 mt and HIRM300 mt are equivalent to the SIRM after AF demagnetization
at 100 mT (IRM@100 mt) and 300 mT (IRM@300 mT), respectively (Q. Liu et al., 2007 ).
varM/SIRM was used to indicate magnetic grain size because it is not affected by
superparamagnetic grains. High yarm/SIRM values reflect a high content of single-
domain grains, whereas low yarm/SIRM values reflect coarse magnetic grain sizes

(Bloemendal et al., 1992).

3. Results
3.1. Age model

The age model for Core FO7 is based on seven AMS '*C ages, while the age model
for Core S11 is based on four AMS '*C ages (Table S1). Calendar ages were determined
using the MARINE 20 calibration (Heaton et al., 2020) with a regional '“C reservoir
age of AR =43 £ 61 yr (Yang et al., 2020). The resulting linear sedimentation rates
(LSR) for both cores are very high, with an average of ~24 cm/kyr for Core FO7 (range
from 4 to 55 cm/kyr) and ~12 cm/kyr for Core S11 (range from 6 to 23 cm/kyr) (Table
S1). The LSRs also display a distinct glacial-interglacial pattern, with four to six times
higher sedimentation rates during the LGM compared to the Holocene.
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3.2. Grain-size changes and end-member analysis

Sediment from Core FO7 comprises clay (4-21%, average 10%), silt (53—85%,
average 72%), and sand (1-40%, average 18%) (Figure 2d). The consistent downcore
variations in the mean grain size and median grain size are similar to changes in the
sand content (Figure 2d).

Grain-size end-member analysis can be used to estimate variations in end-
members based on co-variability within a dataset, and is a powerful tool for unmixing
grain-size distributions into geologically meaningful end-members (Weltje, 1997). The
different end-members and their variations can reflect (1) different controlling
mechanisms of sediment transport, (2) sediment supply from different sources, and/or
(3) mechanisms which systematically change the grain-size distribution along the
transport pathway of the sediment (Boulay et al., 2007; Prins & Postma, 2002).
However, it should be noted that these possibilities cannot be distinguished by this
mathematical method alone.

For Core FO7, both the grain-size distributions of each end-member and their
proportional changes through time were quantified based on this method (Figure 2).
The goodness of fit statistics (coefficient of determination R? > 0.9, angular deviation
<5 for three end-members) show that a three end-member model is optimal for Core
FO7 (Figures 2a and b). This three end-member model contains grain-size modes of
8.23 um, 40.2 um, and 74.1 um for end-members EM1, EM2, and EM3, respectively
(Figure 2¢). In comparison to traditional classification criteria, the grain sizes of EM 1,
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EM2, and EM3 are close to fine silt, coarse silt, and fine sand, respectively. The end-
member abundances for each end-member since 24 ka are presented in Figure 2d, where
it can be seen that EM1 (22-90%, average 47%) is the most significant component and
shows an inverse trend through time with EM2 and EM3. In general, the similarity
between records of EM3 and the mean grain size suggests that the coarsest end-member
EM3 mainly represents nearshore deposits from the Pearl River. The finest EM1 mainly
consists of fine-grained, weathered minerals, such as mica, fine quartz, and broken
feldspar grains, and was likely influenced by river runoff and weathering changes in
response to regional precipitation (Garzanti et al., 2011). Finally, the EM2 component
varies in-phase with sea level, consistent with low sea level stands enhancing the
regional hydrodynamic force and enabling coarser sediment to be transported to the

core site.

3.3. Clay and magnetic mineral results

Southern Taiwan and the Pearl River are the major contributors of sediments to
the continental shelf and slope in the northern SCS (Z. Liu et al., 2016), while rivers
from Luzon are an additional sediment source in the northeastern part of the basin
(Schroeder et al., 2015) (Figure 1b). In the downcore records spanning the last 24 kyr
in cores FO7 and S11, the clay mineralogy falls along approximately linear arrays
between two end-members, one dominated by illite + chlorite and a second dominated
by smectite, while kaolinite contents are relatively low (Figure 3). This pattern indicates
a mixture of supply from Taiwan (illite and chlorite rich) and Luzon (smectite-rich),

13

This article is protected by copyright. All rights reserved.

85U8017 SUOLIWOD BAITe1D) 3dedl|dde ay) A peusenob afe seoile YO ‘8sn JO Sa|nJ o} AfeiqT 8UIIUO AB|IA UO (SUONIPUOD-PUE-SWLIBY/LI0D" AB 1M ARe.d 1 [BUl|UD//SANLY) SUORIPUOD PUe SWIB | 8U188S *[£202/S0/TT] Uo ARigiTauluo A8|IM N de’ on@equisw-<ye [0dq US> Aq T65700VdZz0z/620T 0T/10p/wod As|im Areiqipuljuo'sgndnfe/sdny woiy pepeojumoq ‘el ‘Szsvz.Se



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

with further contributions from South China, likely via the Pearl River (kaolinite-rich,
but also some smectite; Hu et al., 2013) (Figure 3). In particular, sediments from East
of Pearl River (EPR), including sediment from the Hanjiang River and other local rivers,
represents another potential source of smectite (Figure 3) (J. G. Liu et al., 2016; 2019).

Both the EPR and Luzon could be important potential sediment sources for the
shallow Core FO7, which is located relatively proximal to the Pearl River mouth. In
contrast, the clay mineralogy in Core S11 in the deep basin plots close to the Taiwan
end-member, similar to Core CS11 (Shen et al., 2022), indicating dominant sourcing
from southern Taiwan. Meanwhile, other cores on the northern SCS slope, including
ODP Site 1144 (Hu et al., 2012) and Core MD12-3434 (Zhao et al., 2018), record a
greater proportion of Luzon-derived sediments (Figure 3). During the LGM, with
lowered sea level, it is likely that the sediments in Core FO7 were partly derived from
the paleo-Pearl River, or the Hanjiang River and other local rivers, given that lowered
sea level would have made these inputs more proximal to the site.

In contrast to the glacial-interglacial stability of the kaolinite content in Core S11,
the kaolinite content in Core FO7 was higher during the glacial period (~11-18%) and
peaked during Heinrich Stadial 1 (HS1), before decreasing during the deglaciation to
reach stable Holocene values of around 8-10% (Figure 4b). The smectite/(illite +
chlorite) ratios in Core FO7 varied from 0.2 to 0.5 (Figure 5c), with millennial-scale
changes throughout, whereas the ratios in Core S11 ranged from 0.1 to 0.3, with
distinctly elevated values during the mid-late Holocene from ~6 to 2 ka (Figure 5e).

The rock magnetic parameters in cores FO7 and S11 show similar patterns
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through time (although different absolute values), with lower S-ratios during the LGM
and HS1 (Figure 4c), indicating a relatively higher content of high-coercivity

maghemite/hematite than low-coercivity titano-magnetite during these time intervals.

4. Discussion

The geographic extent of the SCS spanning different regional, monsoon-controlled
climate regions (Chen et al., 2017), as well as the geological heterogeneity between the
different river catchments, leads to different sediment particles being delivered to the
SCS from different sources (Clift et al., 2015). Previous studies found complex
depositional patterns, influenced by both down-slope and along-slope processes on the
continental slope of the northern SCS (Kaboth-Bahr et al., 2021; J. Liu et al., 2017).
Such complexity may have been associated with sea-level changes, which could
influence the proportions of sediment supplied from different sources to individual sites
due to (i) changes in the land-sea configuration, (i1) the varying strength of ocean
current activity at different water depths, or (ii1) changes in ocean current strength
linked to variations in the monsoon winds (C. Liu et al., 2017; Xu et al., 2021). Changes
in sediment characteristics could also have been caused by changes in chemical
weathering and fluvial sediment discharge driven by climate change. Below, we assess
how these processes have influenced the provenance and terrigenous sediment transport
in the northern SCS since the LGM, before exploring what the records reveal about past

changes in the monsoonal inputs and regional oceanography.
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4.1. Provenance and transport processes forced by glacial sea-level change

During the LGM, when the sea level was about 130 m lower than today (Wang et
al., 2014) (Figure 4a), the reduced distance between river mouths and the core sites
could have influenced the clay mineralogy and the sediment magnetic properties. That
suggestion is supported by the observed co-variations of kaolinite/illite ratios in Core
FO7 and other cores from the northern SCS slope (e.g., GeoB16602-4; J. Liu et al., 2017)
(Figure 4b) with sea-level (Figure 4a). Those records indicate that the Pearl River (and
possibly the EPR) became a more significant source to these sites during the LGM
(Figure 3), and probably also acted as the dominant contributor of the coarse sediment
at this time (Figure 4d). Moreover, coastline migration and changes in seasonality
linked to sea-level fall could have enhanced the reworking of previously deposited
sediments from the exposed shelves (C. Liu et al., 2017; J. Liu et al., 2017). In sum,
both the reduced distance from land and increased sediment reworking could have led
to an enhancement in local sediment supply from the South China margin, which is also
reflected in the depositional rates in the SCS cores (Table S1).

The shallower Core FO7 was characterized by a relatively greater contribution of
kaolinite compared to illite during the LGM (Figure 4b), suggesting an enhanced
influence from Pearl River (or EPR) sources at that time (Figure 2), while the deep-
water Core S11 had a similar kaolinite/illite ratio during both the LGM and the
Holocene (Figure 4b). Hence, the clay mineral assemblages in this region were
controlled by both water depth and sediment transport pathways, with deglacial sea-
level change appearing to have influenced the relative contribution of reworked
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sediment from the Pearl River catchment to shallow-water sites but not to sites in the
deep basin (Figure 6a). Sea-level fall and the associated mesoscale eddies during the
LGM appear to have enhanced the supply of kaolinite from the Pearl River and its relict
sediments on the continental shelf to the open ocean, leading to enhanced accumulation
at shallower sites. However, the majority of the kaolinite was not exported to the deep
basin (Cao et al., 2019, 2021) (Figure 6a). Moreover, increased sediment exposure and
subsequent silicate weathering could also have supplied tropical shelf sediments,
including minerals such as kaolinite, to the shallow sites during glacial lowstands (Wan
etal., 2017).

The magnetic fraction in sediments from the northern SCS can also be used to
trace provenance, based on the modern regional differences in the river-borne magnetic
properties (Figure 1b). The S-ratio of surficial sediments is lower in the Mekong River
(0.79) and Red River (0.87) than in the Pearl River (0.90) and Taiwanese rivers (0.96)
(Table S2), which indicates relatively higher hematite contents for the sediment
supplied to the western and southern SCS than to the northern SCS (Kissel et al., 2016,
2017). Based on comparison to those fluvial sources, the relatively high values for yr,
¥arM, SIRM, and S-ratio in cores FO7 and S11 indicate a high abundance of fine-grained
magnetite from northern sources mixed with minor amounts of hematite, probably from
Pearl River sources (Table S2). Compared to the relatively high S-ratio in both the
studied cores, a significant decrease in S-ratio occurred during the last glacial interval
at other sites in the SCS, including Core PC338 in the northwestern SCS (M. Li et al.,
2018a) and Core B9 in the southern SCS (Zhong et al., 2021) (Figure 4c). These lower
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S-ratio in the northwestern and southern SCS indicate an increase in the relative
proportion of hematite, which may have been supplied as aerosol dust (Chen et al., 2017)
or as strong weathering inputs (Yang et al., 2016). While it seems that sediments
sourced from the Red and Mekong rivers lowered the S-ratio at those sites during the
last glacial interval, evidently those inputs did not affect the cores in the northern SCS.
In this context, the preservation of the modern north-south gradient in the S-ratio
(Figure 4c) further indicates the dominant influence of local continental sources of
magnetic particles in each basin. However, we also note that in some particular intervals,
changes in the East Asian winter monsoon and the related winter coastal current could
also have influenced the hematite content in this region (M. Li et al., 2018a).

In general, sea-level changes during the LGM could regulate and control the clay
and magnetic mineral records from shallow-water sites by influencing the incision of
rivers on the shelves and sediment storage near the river mouths, and might also be
expected to affect the grain size (Figure 4d). Specifically, an increased proportion of
the coarser silt grain-size component (EM2) and an increased magnetic grain size in the
shallow Core FO7 (Figure 2d, Figure 4d) suggest preferential sourcing and/or transport
of this fraction during the interval of lowered sea-level. However, based on differences
in the sedimentation rate between cores FO7 and S11 (Table S1), and differences in the
timing of the deglacial changes in grain size (Figures 4d and e), we suggest that the
glacial coarsening in magnetic particles in the deep-water Core S11 (Figure 4e) was
driven by a different oceanographic mechanism, such as changes in contour currents
(Wang et al., 2020) or mesoscale eddies (Cao et al., 2021) (Figure 6a). Furthermore, our
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data are consistent with the hypothesis that the magnetic grain size of SCS cores could
record the flow strength of deep water inflow from the North Pacific (Zheng et al.,

2016).

4.2. Impacts of deep-water circulation during the deglacial cold periods

The oceanographic connection between the North Pacific and the SCS makes this
marginal sea an ideal location in which to reconstruct the past evolution of North Pacific
Intermediate Water (NPIW) and to assess any links with millennial-scale climate
variability during the last deglaciation (~19-11 ka) (Huang et al., 2013; G. Li et al.,
2018). During the last deglaciation, major meltwater discharges reduced North Atlantic
surface water density and may have weakened the Atlantic meridional overturning
circulation (AMOC) during HS1 and perhaps the Younger Dryas (McManus et al.,
2004). Through atmospheric and oceanic teleconnections, the effects of the
reorganization of poleward heat flow in the North Atlantic are proposed to have
extended to the North Pacific, leading to deep-water formation occurring in the North
Pacific between ~17 and 15 ka (Okazaki et al., 2010). Such a major rearrangement of
the Pacific circulation might be expected to have left a signal in the northern SCS.

We identify an intensification of the magnetic grain size signature in cores S11
(Figure 4e) and 10E203 (Figure 4f) (Zheng et al., 2016) during HS1 and the Younger
Dryas. This hydrodynamic signature can be associated with the flow of the deep-water
currents in the SCS (Figure 1b, Figure 6b). Notably, these changes were approximately
synchronous with weakening of the Atlantic meridional overturning circulation (Figure
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4g) (McManus et al., 2004), and coincident with regional circulation changes in the
North Pacific, such as increases in NPIW formation in the North Pacific (Figure 4h)
(Horikawa et al., 2021), which supports the above hypothesis.

Previous studies have suggested that NPIW formation in the subarctic Pacific
Ocean was more intense during the last glacial period (Rae et al., 2020; Rella et al.,
2012) and/or during HS1 (Gong et al., 2019; Okazaki et al., 2010). Evidence for
enhanced NPIW formation is also found in neodymium isotope shifts at Site MDO1-
2420 in the northwestern Pacific Ocean (Figure 4h) (Horikawa et al., 2021), with less
radiogenic values concurrent with the younger '*C ventilation ages during cold intervals
(Okazaki et al., 2010). Neodymium isotopes represent a tracer for water mass
provenance, so these records specifically support water mass formation in the Okhotsk
and/or Bering Seas (Horikawa et al., 2010). The simulated deep-water pathways extend
southwards along the western margin of the North Pacific, and consequently should
influence the Philippine Sea and the northern SCS (Wan & Jian, 2014), making these
deep-water core sites (Figure 4e and f) sensitive locations for tracing these changes.
Whereas such abrupt changes in NPIW influenced the magnetic fraction in the northern
SCS during the last deglaciation (Figure 6b), significant circulation changes do not
appear to have occurred during the Holocene period (Figure 4e and f), consistent with
the relative stability in high-latitude climate records from this interval (Figure 41) (North

Greenland Ice Core Project members, 2004).
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4.3. Impacts of the East Asian summer monsoon during deglacial and Holocene periods

During the deglacial and interglacial warm periods, enhanced summer
precipitation was associated with a stronger East Asian summer monsoon (EASM)
(Figure 5a). Enhanced river discharges evidently impacted sediment supply rates, as
recorded by Ti/Ca ratios in Core ORI-P1 from the northeastern SCS (Kaboth-Bahr et
al., 2021). Clay mineral formation in both Taiwan and Luzon is also strongly controlled
by the higher temperatures and heavier rainfall under an enhanced EASM Z. Liu et al.,
2007 ), but the input processes to the SCS may have differed between those two islands.
The steep and narrow shelf of the southwestern Taiwan margin means that sediments
from Taiwan are transported rapidly from river catchments to the deep northern SCS
basin via submarine canyons (J. T. Liu et al., 2016). In contrast, sediments from
northern Luzon rivers are first carried into the shallow Luzon Strait, before being
transported to the northern SCS by surface ocean currents. Therefore, in addition to the
EASM system, the evolution of the oceanic circulation may be an important factor that
determines the supply of fine-grained sediment to the northern SCS basin.

The supply of illite and chlorite from Taiwan is the product of rainfall-driven
erosion, while the supply of smectite from Luzon depends on both rapid chemical
weathering and physical erosion (Liu et al., 2009). In addition, the weathering of
volcanic rocks under a hot humid climate in the EPR area can also generate smectite
(Liu et al., 2019). Therefore, the smectite/(illite + chlorite) ratios in Core FO7 can be
taken to indicate changes in the monsoon precipitation in Luzon and/or South China
(Figure 6c¢).
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Increases in smectite/(illite + chlorite) ratios in Core FO7 during during the Early
Holocene and possibly the Beglling-Allered interstadial (Figure 5c¢) could reflect
strengthened weathering and/or recycling of older sediments due to EASM rainfall
(Figure 5a) (Colin et al., 2010; Zhao et al., 2018), similar to what is seen at ODP Site
1144 (Hu et al., 2012) This record also shows some similarities to changes in specific
grain-size components in cores FO7 and PC338 (M. Li et al., 2018b) from the
northwestern SCS (Figure 5b); increased fine-grained fluvial material that was
presumably transported in suspension by northern SCS surface water currents could
potentially reflect increased terrestrial erosion linked to enhanced precipitation (M. Li
et al., 2018b). As a corollary, decreases in both the smectite/(illite + chlorite) ratios
(Figure 5c¢) and the proportions of fine-grained sediment (Figure 5b) during HSI
coincided with a weakened EASM (Figure 5a) (Wang et al., 2008). These fluctuations
are also consistent with shifts in the position of the mean summer Intertropical
Convergence Zone (ITCZ) (Figure 5h) (Tachikawa et al., 2011). A southward shift in
the ITCZ during HS1 would have reduced the regional precipitation and reduced the
erosion of chemically-weathered sediments on the shelf. Interestingly, a signal of the
EASM intensity is also recognized in several other sites from a range of water depths
in the northern SCS, including cores MD05-2904 (Liu et al., 2010) (Figure 5d) and
MD12-3434 (Zhao et al., 2018). These oscillations indicate the rapid response of
terrigenous sediment inputs, recycling, and provenance in the low-latitude SCS to

variations in monsoonal rainfall (Cheng et al., 2016; Clift, 2020; Zhao et al., 2018).
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4.4. Effect of the Kuroshio Current strength during the Mid-late Holocene

In contrast to the clay mineral records from the shallow-water sites that were
dominated by monsoonal inputs (Figures 5c and d), our clay mineral reconstruction
from the deep-water Core S11 (Figure 5e) does not resemble monsoonal variations
(Figure 5a). We therefore suggest that neither the EASM monsoonal-forced inputs nor
the EASM monsoonal-forced surface currents had a significant impact on the relative
supply to the deep basin of smectite from Luzon (or possibly the EPR) compared to
illite and chlorite from Taiwan. Instead, the synchronous mid-late Holocene increase in
smectite/(illite + chlorite) in deep-water cores S11 and CS11 (Shen et al., 2022) (Figures
Se and f) indicates an increase in the Luzon contribution (or possibly the Pearl River or
EPR) relative to Taiwan, which suggests a link to an enhanced Kuroshio Current
intrusion during the mid-late Holocene (Z. Liu et al., 2016).

A comparison of those clay mineral records (Figures 5e and f) to the trends in both
the warm-water diatom species from ODP Site 1144 (Jiang et al., 2006) (Figure 5f) and
Kuroshio Current intensity proxies from the Okinawa Trough (Zheng et al., 2014)
supports the hypothesis that intrusion of the Kuroshio Current influenced the transport
of Luzon-derived clay minerals to the deep basin (Z. Liu et al., 2016) (Figure 6d). The
large-scale tropical Pacific atmospheric circulation is thought to be an important driver
of the decadal-scale intrusion of the Kuroshio Current (Chen et al., 2020). Hence, the
strong intensity of the Kuroshio intrusion during the mid to late Holocene may have
been related to the evolution of the East Asian winter monsoon (Figure 5g) (Kang et al.,
2020), driven itself by changes in high-latitude Northern Hemisphere ice volume and
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mid- to high-latitude Northern Hemisphere atmospheric temperatures (Ding et al.,
2022).

In summary, we provide evidence that the evolution of the regional ocean
circulation is an important factor determining the fine-grained sediment supply and
dispersion beyond the continental margins during warm periods with high sea-level
stands (Figure 6¢ and d). Therefore, clay mineralogy may be a useful tool for
reconstructing the past dynamics in these systems at such times. Specifically, our data
support the idea that the strength of the Kuroshio Current intrusion into the SCS could
influence the transport of clay fractions from Luzon into deep-water settings of the

basin under the influence of the East Asian winter monsoon (Figure 6d).

5. Conclusions

We conducted a high-resolution study of grain size, clay mineralogy, and magnetic
mineral properties on two sediment cores representing a depth transect in the northern
SCS. Combined with other lines of evidence on regional hydroclimate and Pacific
ocean-atmosphere dynamics, we assessed the influence of changes in sea level, deep
and surface ocean currents, and the EASM system on the sedimentary proxies. Firstly,
low sea-level during the LGM led to elevated fluxes of kaolinite and magnetic minerals
from the Pearl River and its exposed shelf, but these mostly accumulated on the shallow
margin rather than influencing the deeper northern SCS basin, which was more strongly
affected by sediment fluxes from Taiwan. Secondly, changes in magnetic grain size
indicate that there was a stronger deep-water current in the northern SCS during HS1
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and the Younger Dryas, which may reflect enhanced formation of North Pacific
intermediate or deep waters. Thirdly, fluctuations in smectite/(illite + chlorite) ratios at
the shallow margin site coincided with the deglacial millennial-scale evolution of the
EASM, suggesting enhanced weathering and/or reworking of weathered sediment
controlled by a stronger summer monsoon. Finally, such deglacial changes in clay
mineralogy are not seen in cores from the deep basin, which instead record distinct mid-
late Holocene increases in smectite/(illite + chlorite) ratios, consistent with an
intensification of the Kuroshio Current intrusion that led to an enhanced supply of
Luzon-derived sediments to the open northern SCS. Overall, our work gives new
insights into the roles of varying terrestrial weathering and oceanographic processes in
controlling the depositional record on the northern SCS margin correlating to climatic

and sea-level fluctuations.
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Figure Captions

Figure 1. Location of sediment cores and modern geographic, atmospheric, and
oceanographic features. The studied sites FO7 and S11 are indicated by red stars and
other sites referred to in the text or figures are marked by white dots. (a) Map of regional
atmospheric and ocean circulation. Modern locations of the Intertropical Convergence
Zone (ITCZ) in July and January are indicated by the light-pink lines, while the summer
and winter westerlies are shown by the dark blue arrows. Also shown schematically are
the East Asian summer monsoon (red arrows), East Asian winter monsoon (grey
arrows), Kuroshio Current (magenta arrow), and North Equatorial Current (thick red
arrow). Inset panel shows a meridional bathymetric profile through the South China
Sea (along the yellow dashed line in panel a), with colours indicating dissolved oxygen
content (in ml/l). Figure was generated using Ocean Data View (Schlitzer, 2002) based
on data from the World Ocean Atlas (Garcia et al., 2014). NPIW, North Pacific
Intermediate Water; PDW, Pacific Deep Water; SCSDW, South China Sea Deep Water;
SCSIW, South China Sea Intermediate Water. (b) Details of ocean current systems and
clay and magnetic mineral inputs to the northern SCS. White lines and labels indicate
major river systems and minor branches. The Pearl River contains three branches (the
X1, Bei and Dong Rivers). The area east of the Pearl River is denoted EPR (as in text).
Small coloured arrows indicate ocean currents (Z. Liu et al., 2016). Large coloured
arrows represent fluvial sediment input fluxes (units: Mt/a, from Milliman & Meade,
1983), coloured according to their dominant clay mineralogy. Coloured circles illustrate
the distribution of S-ratios in river sediments, indicating magnetite versus hematite
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content (Kissel et al., 2016, 2017). The inflow of Pacific Deep Water (PDW) is also

shown schematically with a red arrow.

Figure 2. End-member modelling results for Core FO7 grain-size data. (a) Coefficients
of determination (R?) for models with 1 to 10 end-members. (b) Angular deviations (in
degrees) between the reconstructed and observed data sets for models with 1 to 10 end-
members. (c) Three modelled end-members (EM1-3) for the terrigenous fraction in
Core F07. (d) Variations of mean grain size, median grain size, sand/silt/clay content,
and end-member abundances of EM1-3 from 0 to 24 ka in Core FO7. Grey bars indicate
cold intervals, including the Younger Dryas (YD), Heinrich Stadial 1 (HS1), and the
Last Glacial Maximum (LGM). Yellow bar indicates the warm interval of the

Bolling/Allered (B/A), while the Holocene Optimum (HO) is also labelled.

Figure 3. Ternary diagram for major clay groups (illite + chlorite, kaolinite, and
smectite) in cores FO7 and S11 and comparison to regional sources. The dotted lines
indicate mixing lines between the three major riverine end-members. Data for the Pearl
River from Liu et al. (2007), data from Taiwan rivers from Liu et al. (2008), data from
Luzon rivers from Liu et al. (2009), and data from East of Pearl River (EPR) from Liu
et al., (2019). Data from ODP Site 1144 from Hu et al. (2012), data from Core MD12-
3434 from Zhao et al. (2018), data from Core CS11 from Shen et al. (2022), and data
from sites in the deep basin of the northeastern SCS from Z. Liu et al. (2016). The
orange arrow indicates a shift away from Pearl River (or EPR) sources in Core FO7
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during the deglaciation that may be attributed to sea-level rise.

Figure 4. Temporal variations in clay mineralogy, magnetic properties, and grain size
in relation to sea level and ocean circulation reconstructions. (a) Relative sea level (RSL)
curves. Pink and blue lines represent global (Lambeck et al., 2014) and western Pacific
(East China Sea) RSL (Liu et al., 2004), respectively. Pink, green, and blue symbols
represent RSL for the Southeast China Coast (Zong, 2004), Sunda Shelf (Hanebuth et
al., 2000), and Red Sea (Grant et al., 2014), respectively. (b) Kaolinite/illite ratio from
cores FO7 (this study), S11 (this study), GeoB16602-4 (J. Liu et al., 2017), and MD12-
3434 (Zhao et al., 2018). (c) S-ratio from cores FO7 (this study), S11 (this study), PC338
(M. Li et al., 2018a), and B9 (Zhong et al., 2021). The dashed horizontal lines are the
average values for each geographic group (Kissel et al., 2020). (d) End-member EM2
(coarse silt component) and yarm/SIRM from Core FO7 (this study). (e) yarm/SIRM
from Core S11 (this study). (f) yarm/y from Core 10E203 from the northeastern SCS
(NESCS) (Zheng et al., 2016). (g) **'Pa/*°Th in Bermuda Rise Core GGCO05, as a
qualitative indicator for the strength of the Atlantic meridional overturning circulation
(AMOC) (McManus et al., 2004). (h) Nd isotopic composition of fossil fish debris (FD)
(eng-Fp) from Core MDO01-2420 in the northwestern Pacific Ocean, as an indicator of
North Pacific Intermediate Water (NPIW) formation (Horikawa et al., 2021). (1) Record
of 8'%0 values from the NGRIP Greenland ice core (North Greenland Ice Core Project
members, 2004). Warm intervals are the Holocene Optimum (HO; yellow shading) and
the Bolling/Allered (B/A; orange). Cold intervals are the Younger Dryas (YD) and
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Heinrich Stadial 1 (HS1) (blue-grey), and the Last Glacial Maximum (LGM; grey).

Figure 5. Temporal variations in clay mineralogy and grain size in relation to EASM
and Kuroshio Current reconstructions. (a) Stalagmite §'*0 records from Sanbao Cave
(red curve) (Cheng et al., 2016) and June 21 insolation at 30°N (orange curve; Laskar
et al., 2004). (b) End-member EM?2 at Site PC338 (M. Li et al., 2018b) and end-member
EMI1 in Core FO7 (this study) from the northern SCS. (c-¢) Smectite/(illite + chlorite)
ratios from Core FO7 (this study), site MD05-2904 (Liu et al., 2010), and Core S11 (this
study). (f) Proxies for the Kuroshio Current intrusion into the SCS, indicated by the
smectite/(illite + chlorite) ratio from Core CS11 (Shen et al., 2022) and the warm-water
diatom species (%) from ODP Site 1144 in the northern SCS (Jiang et al., 2006). (g)
East Asian winter monsoon (EAWM) strength indicated by the stacked normalized
mean grain size (MGS) from Chinese loess sections (Kang et al., 2020), and
Intertropical Convergence Zone (ITCZ) latitudinal variations indicated by In(Ti/Ca)
ratios in Core MD05-2920 (Tachikawa et al., 2011). Warm intervals are the Holocene
Optimum (HO; yellow shading) and the Belling/Allered (B/A; orange). Cold intervals
are the Younger Dryas (YD) and Heinrich Stadial 1 (HS1) (blue-grey), and the Last

Glacial Maximum (LGM; grey).

Figure 6. Schematic representation of terrigenous sediment input and transport during
(a) the glacial sea-level lowstand, (b) deglacial cold periods influenced by sea-level rise,
(c) deglacial warm periods influenced by sea-level rise, and (d) the mid-late Holocene.
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915

916

917

918

919

Left panels show map view and right panels show cross-section view across the basin.
Abbreviations: EPR, East of Pearl River; KC, Kuroshio Current; KI, Kuroshio Intrusion;
LGM, Last Glacial Maximum; NPIW, North Pacific Intermediate Water; PDW, Pacific
Deep Water. Symbols ‘+’ and ‘-’ indicate strengthening or weakening, respectively, of

particular inputs or currents. See text for further discussion.
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Figure 3.
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Figure 4.
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Figure 6.
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Introduction

The supporting information contains Text S1, Table S1 and S2. Text S1 covers the
regional setting, including details of fluvial sediment discharges. Table S1 denotes the
calibrated ages of cores FO7 and S11 and Table S2 denotes Magnetic properties of

surface sediments from the studied cores and potential source regions.

Text S1. Regional setting
The South China Sea (SCS) is the largest semi-enclosed marginal sea in the low-

latitude Pacific Ocean, and both its sedimentary inputs and surface currents are strongly
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influenced by the East Asian monsoon system (Figure 1a; Wang et al., 2014). This
system is controlled by the thermal contrast between the Asian landmass and the
tropical Pacific Ocean and it is responsible for high annual precipitation totals, leading
to large river discharges into the SCS via several river systems (Liu et al., 2016;
Milliman & Meade, 1983). Among them, the three largest rivers from the Asian
continent are the Pearl, Red, and Mekong rivers, which supply very high fluxes of
terrigenous material to the SCS (~600 Mt/yr) (Figure 1b) (Liu et al., 2011, 2014).
Additionally, mountainous rivers in southwestern Taiwan (e.g. Cho-Shui and Kao-Ping
rivers) also discharge large amounts of suspended sediments, in total 176 Mt yr into
the northeastern SCS (Figure 1b) (Dadson et al., 2003). These terrigenous sediment
loads are then partially redistributed across the SCS by surface ocean currents (Zhong
et al., 2017), specifically the seasonally-reversing clockwise/anticlockwise surface
currents driven by the East Asian summer/winter monsoon (Shaw and Chao, 1994), as
well as the Guangdong coastal currents (Qu et al., 2006) (Figure 1Db).

The surface current systems of the SCS are also strongly modulated by the
intrusion of the Kuroshio Current (Xue et al., 2004; Zhu et al., 2019) (Figure 1). This
current intrudes into the SCS through the Luzon Strait and is regarded as a key conveyor
of tropical climate signals from the open Pacific Ocean to this marginal sea (Chen et
al., 2020). The Kuroshio Current intrusion also significantly affects the heat, nutrient,
and salinity exchange between the open Pacific Ocean and the SCS, which in turn
strongly influences hydrologic processes and hence sediment redistribution in the

marginal seas (Wu, 2013).
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In contrast to the multiple controls on surface ocean hydrography, the deep water
regime of the SCS is predominantly constrained by the inflow and pathway of North
Pacific Deep Water (NPDW) into the SCS (Tian et al., 2006) (Figure 1). The NPDW
enters the SCS through the Luzon Strait in the deep layer (>1500 m), which is regarded
as deep water in the SCS (Figure 1). The SCS deep water upwells into the intermediate
water between 350 and 1350 m, and is then exported out of the SCS into the western
Pacific Ocean through the Luzon Strait (Qu et al., 2006) at water depths of 500-1500

m, below the shallower inflowing waters of the Kuroshio Current.
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Table S1. Raw conventional *4C ages and calibrated ages for cores FO7 and S11 and associated sedimentation rates.

i i 14C AMS ages +1c Calibrated ages  Calibrated age range (yr LSR
Site Depth (cm) Material
error (yr BP) (yr BP) BP) (cm/ka)

FO7-1 16.5 Mixed planktonic foraminifera 4110 £30 3920 3681 - 4152 4.21
FO7-1 64.5 Mixed planktonic foraminifera 10160 30 11044 10768 - 11236 6.74
FO7-1 113.5 Mixed planktonic foraminifera 13640 40 15555 15266 - 15841 10.9
FO7-1 263.5 Mixed planktonic foraminifera 15850 %50 18292 18042 - 18595 54.8
FO7-1 326.5 Mixed planktonic foraminifera 17300 %60 19940 19602 - 20243 38.2
FO7-1 356.5 Mixed planktonic foraminifera 17910 %60 20654 20370 - 20927 42.0
FO7-1 433.5 Mixed planktonic foraminifera 20300 =70 23431 23106 - 23726 21.7
16ZBS11 10 Mixed planktonic foraminifera 2290 +30 1726 1567 - 1877 5.8
16ZBS11 60 Mixed planktonic foraminifera 7080 %30 7385 7247 - 7518 8.8
16ZBS11 162 Mixed planktonic foraminifera 12920 +£40 14603 14299 - 14882 141
16ZBS11 280 Mixed planktonic foraminifera 17170 £50 19825 19554 - 20089 22.6

AMS, accelerator mass spectrometry

LSR, linear sedimentation rate



82  Table S2. Magnetic properties of surface sediments from the studied cores and potential source regions.

Region Sample number i (108 m¥/kg) yarm (108 m¥/kg) SIRM (103 S-ratio Reference
Am?/kg)

FO7 441 Mean o 12.26 £1.61 116.8 £24.0 1.45 +0.156 0.90 +0.02 This study

S11 149 Mean o 37.16 +9.18 248.9 +1054 1.78 £0.62 0.97 £0.01 This study
Pearl River 18 Mean o 48.3 £34.0 159.7 +86.8 7.01 £5.92 0.922 +0.068 Kissel et al., 2016
Red River 21 Mean o 50.3 £27.7 153.8 £65.4 195x12.6 0.87 £0.099 Kissel et al., 2016
Mekong River 17 Mean o 23.3 8.7 117 +48 2.76 =£1.00 0.791 =0.080 Kissel et al., 2016
Malay Peninsula 4 Mean o 45422 17 +£3 0.27 £0.10 0.737 +£0.203 Kissel et al., 2017
Sumatra 5 Mean o 51.0 +434 183 +118 5.05 +4.24 0.962 +£0.015 Kissel et al., 2017
Borneo 5 Mean o 28%x15 52 £74 0.31+0.14 0.869 +0.086 Kissel et al., 2017
Luzon Rivers 5 Mean o 254.3 £145.7 611 =341 2523 £145.7 0.983 +£0.019 Kissel et al., 2017
Taiwan 3 Mean o 6.7x0.3 174 0.50 +0.24 0.963 +0.021 Kissel et al., 2017
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