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Abstract

The source-to-sink system of the northern South China Sea (SCS) has been widely discussed during the past few
decades. Sr–Nd isotope, clay minerals and trace elements were extensively used as the proxies of sediment
provenance, however, still little is known about the transport processes and controlling mechanisms on detailed
spatiotemporal scales due to the limitations of these methods. Here we put forward the new provenance proxies
RAK and RKCN based on major element compositions to study the spatiotemporal changes in sediment provenance
since 150 ka mainly from four sites, DLW3101, MD12-3429, ZHS-176 and MD12-3432, which are located on the
northern SCS continental slope. Our results show that, spatially, the pathways and intensities of contour currents
and gravity flows play important roles in sediment transport. For alongslope processes, the South China Sea Branch
of Kuroshio Current (SCSBKC) and the Deep Water Current (DWC) transport sediments from southwestern Taiwan,
while the Intermediate Water Current (IWC) can carry sediments from Hainan, the Red River or the Indochina
Peninsula. For downslope processes, gravity flows transport materials from the Pearl River delta and shelf to the
slope. Moreover, seafloor bathymetry influences sediment transport by altering the pathways of ocean currents.
Temporally, the impacts of sea level and monsoon rainfall fluctuations are always superimposed over the last 150
ka. Sea level fluctuations could significantly change the distance from the Pearl River estuary to the slope, while
variations in the East Asian summer monsoon (EASM) rainfall would affect continental erosion rates in the source
regions.
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1 Introduction
The South China Sea (SCS) is an excellent case setting for
fluvial sediment source-to-sink transport process studies
(Liu et al. 2016). Nearly 7 × 108 metric tons of sediments
are deposited in the SCS every year, of which approxi-
mately 80% come from surrounding rivers, such as the
Pearl River and rivers in southwestern Taiwan and Luzon
(Huang and Wang 2006; Liu et al. 2008, 2016). The Pearl
River contributes approximately 80 Mt/a of fluvial sedi-
ments to the SCS (Fig. 1) (Milliman and Farnsworth

2011), mostly deposited on the inner shelf between the
Pearl River mouth and Hainan (Fig. 1) (Liu et al. 2013;
Wang et al. 2013; Ge et al. 2014). Luzon-sourced sedi-
ments (~ 11 Mt/a) (Milliman and Farnsworth 2011) gen-
erally accumulate northwest of Luzon (Fig. 1) (Liu et al.
2011). Meanwhile, southwestern Taiwan supplies ~ 70
Mt/a sediments to the northern SCS (Fig. 1) (Milliman
and Farnsworth 2011), transported westwards by contour
currents (Wan et al. 2010a; Hu et al. 2016; Liu et al. 2017).
The various source-to-sink processes contribute to dif-

ferent clay mineralogical and geochemical characteris-
tics, due to the diverse material compositions of the
fluvial sediments around the SCS (Liu et al. 2016). The
sediment provenance change has been discussed by
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many different proxies, such as Sr-Nd isotope, trace ele-
ments and clay minerals (Shao et al. 2008; Hu et al.
2012; Wei et al. 2012; Liu et al. 2016). Based on clay
minerals, Liu et al. (2017) found that site GeoB16602-4
(water depth: 970 m) on the west side of the Pearl River
Mouth Basin (PRMB) (Fig. 1) received more detrital ma-
terials from the Pearl River during the Last Glacial
Period (LGP), whereas site GeoB16601-6 (water depth:
1012 m) on the east side (Fig. 1) always got a higher frac-
tion of detrital materials from Taiwan both in glacial
and interglacial. Below the lower slope, the clay mineral
assemblages at Ocean Drilling Program (ODP) site 1145
(water depth: 3175m) show no significant variation dur-
ing glacial–interglacial cycles (Boulay et al. 2005), in
contrast to those at MD12-3432 (water depth: 2125 m)
and ODP site 1146 (water depth: 2092 m), where the in-
fluence of the Pearl River input enhanced during glacials
(Liu et al. 2003a; Chen et al. 2017a).
Previous studies were often limited to individual sites

or specific depth ranges on glacial–interglacial cycles
(Liu et al. 2003a, 2017; Huang et al. 2016; Chen et al.
2017a), and little is known about what happens on other
timescales and larger spatial ranges. Otherwise, informa-
tion on provenance changes contained in major element
compositions has hardly been exploited. Since the εNd

values of modern Taiwan (Chen and Lee 1990; Lan et al.
2002), modern Pear River drainage basin sediments (Liu

et al. 2007) and Holocene Pearl River estuary (Hu et al.
2013) are similar, the differences in clay mineral con-
tents can only illustrate the fine-grained portion, and the
trace elements can be easily altered by diagenesis or bio-
chemical processes (Tribovillard et al. 2006), a critical
synthesis of provenance proxies derived from major
element data is desperately needed.
In this study, we generate major element and clay min-

eral data mainly from four cores on the northern SCS
slope encompassing the full depth range over the last
150 ka. Based on the major element compositions, we
utilized the new proxies RAK and RKCN to indicate the
provenance change on the whole slope. Besides, the Sr–
Nd isotope, oxygen isotope of speleothem, grain size, in-
solation and global sea level data are also shown to iden-
tify the spatiotemporal changes in sediment provenance
and transport processes, and discuss the controlling
mechanisms.

2 Regional setting
The SCS is the largest marginal sea in the western Pa-
cific, while the latitude range spans from 0° to 23°N. The
temperature distribution of SCS largely follows the lati-
tudinal zonality of climate at the Earth’s surface (Liu
et al. 2016). The East Asian summer monsoon (EASM)
controls seasonal precipitation around the SCS (Chen
et al. 2017a), and the strongest rainfall region migrates

Fig. 1 Bathymetric map and the locations of the sites referred to in this study. The study sites DLW3101, MD12-3429, ZHS-176 and MD12-3432
are marked with red pentagrams. The locations of other sites discussed in the text are also indicated, including GeoB16602-4 and GeoB16601-6
(Liu et al. 2017), and Ocean Drilling Program (ODP) sites 1144, 1145, 1146 and 1148 (Boulay et al. 2005; Wei et al. 2006; Shao et al. 2007; Wan et al.
2010a). The annual sediment discharges of potential sources are indicated by orange arrows (Milliman and Farnsworth 2011). Red shaded area
depicts the dispersal of Pearl River-sourced sediments in the Holocene (Ge et al. 2014). Gray ribbon shows the location of the Intertropical
Convergence Zone (ITCZ) (Clift 2006). 1: Guangdong Coastal Current (GCC, blue arrow and blue dashed arrow, from Liu et al. 2010); 2: South
China Sea Warm Current (SCSWC, pink arrow, from Wang et al. 2010, and Liu et al. 2011); 3: South China Sea Branch of Kuroshio Current (SCSBKC,
crimson arrow, from Qiu et al. 2011, Luan et al. 2012, and Nan et al. 2015); 4: Intermediate Water Current (IWC, cyan arrow, from Wang et al.
2013); 5: Deep Water Current (DWC, almond arrow, from Shao et al. 2007). PRMB: Pearl River Mouth Basin; Mt: million metric tons
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together with the Intertropical Convergence Zone
(ITCZ) (Fig. 1) (Clift 2020). The EASM is believed to
have been stronger during interglacial (Wan et al. 2017),
and the mean ITCZ shifts are likely less than 1° even
during the Last Glacial Maximum (LGM) (McGee et al.
2014). In principle, the heavier rainfall is expected to
have a major influence on the river run-off and denuda-
tion intensity around the source regions (Liu et al.
2003b; Zhong et al. 2017).
After entering the SCS, the sediment particles are

transported both alongslope and downslope to the
northern slope by currents (Zhong et al. 2017; Wang
et al. 2018a). Along the slope, there are three contour
currents at different water depths (Fig. 1): the westward
South China Sea Branch of Kuroshio Current (SCSBKC,
< 500 m) (Shaw and Chao 1994), the eastward Inter-
mediate Water Current (IWC, 500–1500m) (Zhu et al.
2010; Gong et al. 2013; Wang et al. 2013; Chen et al.
2014) and the westward Deep Water Current (DWC, >
2000 m) (Qu et al. 2006; Shao et al. 2007; Zhao et al.
2014). It is noteworthy that the depths of the interfaces
between these currents vary spatiotemporally (Luan
et al. 2012; Wang et al. 2018a), which can significantly
change the sediment distributions. On the other hand,
downslope gravity flows play an important role around
the Pearl River Canyon (Fig. 1) (Wang et al. 2018a),
where turbidite channels and gullies are possible con-
duits (Sun et al. 2016). In addition, the surface Guang-
dong Coastal Current (GCC) and South China Sea
Warm Current (SCSWC) (Fig. 1) can influence the sedi-
ment distribution on the shelf (Cao et al. 2019).

3 Materials and methods
3.1 Materials and chronological framework
Four sites on the northern SCS slope with different
water depths (585–2125 m) are utilized in this study.
Marine sediment cores from sites DLW3101 (20°09.90′
N, 115°21.30′E, water depth 585 m), MD12-3429
(20°08.52′N, 115°49.84′E, water depth 903 m) and
MD12-3432 (19°16.88′N, 116°14.52′E, water depth 2125
m) were all collected on the continental slope of the
northern SCS (Fig. 1). Site DLW3101 was cored in 2014
by Offshore Oil 708 (Zhou et al. 2018), and sites MD12-
3429 and MD12-3432 were cored in 2012 by R.V. Mar-
ion Dufresne (Kissel et al. 2012). The sediments at these
sites are homogenous and predominantly gray silts and
clays (Kissel et al. 2012; Li et al. 2017; Zhou et al. 2018),
and no obvious hiatus is found. A total of 122 samples
were taken continuously at around 35 cm intervals from
the upper 42.555 m of Core DLW3101 for element com-
position analysis, and 9 samples were taken from
30.490–40.010m for mineral content analysis. Fifty sam-
ples were taken continuously at around 20 cm intervals
from 10.055–19.855m of site MD12-3429, and 100

samples were taken continuously at around 20 cm inter-
vals from upper 18.405 m of Core MD12-3432 for elem-
ent composition analysis. Besides, the elemental and
mineral data of site ZHS-176 (20°00.07′N, 115°33.35′E,
water depth 1383m) are derived from Zhang et al.
(2013) and Ge et al. (2010).
We reconstruct the age models of DLW3101 and

MD12-3429 based on planktonic foraminiferal δ18O
stratigraphy (Li et al. 2017; Zhou et al. 2018), and the
age points of sites ZHS-176 (Ge et al. 2010; Zhang et al.
2013) and MD12-3432 (Chen et al. 2017b; Wang et al.
2018b) are also presented (Fig. 2a). The linear sedimen-
tation rates (LSRs) of sites DLW3101, MD12-3429 and
MD12-3432 are all higher during glacial periods (Fig.
2b), whereas the LSR of ZHS-176 is higher during the
Holocene, and the average LSRs of sites DLW3101,
MD12-3429, ZHS-176, MD12-3432 are approximately
33.55, 14.42, 24.44 and 14.44 cm/ka, respectively.

3.2 Analytical methods
Detrital silicates in sediments were extracted following a
sequential leaching procedure, and the major elements
were measured on a Spectro Blue Sop inductively
coupled plasma-optical emission (ICP-OES) at Peking
University. The extraction procedure included five steps
(Gonneea and Paytan 2006; Zhao et al. 2018). First, the
water-soluble fractions were removed by rinsing with ul-
trapure water (Leleyter et al. 2012). Second, a
CH3COONH4/CH3COOH buffer solution at pH 4.5 was
added to remove carbonates at 60 °C for 48 h. Third, the
organic matter was removed by 10% H2O2 at 60 °C for 1
h. Forth, the silicate residues were dissolved using a con-
centrated HF +HNO3 +HCl mixture on a hot plate at
150 °C for 24 h. Finally, samples were diluted with 2%
HNO3 for major element measurement. The external re-
producibility for the elements (Na, Mg, Al, K, Ca, P, and
Ti) in silicate residues was ±5%.
Mineralogical compositions of bulk sediments were

measured by X-ray diffraction (XRD). First, non-
calcareous clay-sized (< 2 μm) particles were separated
following pretreatment steps of air-drying, ethylene-
glycol solvation for 24 h, and heating at 490 °C for 2 h
(Liu et al. 2016). Clay minerals were identified according
to the position of the (001) series of basal reflections on
the three XRD diagrams, and the experiments were per-
formed at the State Key Laboratory of Marine Geology,
Tongji University. Replicate analyses of selected samples
gave a precision of ±2% (2σ), and the semiquantitative
evaluation of each clay mineral had an accuracy of ~ 5%.

4 Results
4.1 Major element compositions
Major element compositions at sites DLW3101, MD12-
3429 and MD12-3432 vary on glacial–interglacial cycles.
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At DLW3101, the concentrations of Al2O3, K2O, P2O5,
MgO and TiO2 are higher during marine isotope stage
(MIS) 1 and 5 and lower during MIS 2–4 and MIS 6,
whereas Na2O and CaO behave oppositely (Fig. 3). At
MD12-3429, the concentrations of Al2O3, K2O, P2O5,
MgO and TiO2 are higher during interglacials and lower
during glacials. The concentrations of Na2O are higher
in MIS 6 and lower in MIS 5, while CaO does not
change significantly from 150 ka to 75 ka (Fig. 3). At
MD12-3432, the changes in K2O, P2O5, MgO and TiO2

are similar to those in DLW3101, but Al2O3 is almost
constant during 100–15 ka. Na2O and CaO are also
similar to those in DLW3101 except for the much higher
values during 30–22 ka (Fig. 3).

4.2 Clay mineral compositions
The assemblage of clay minerals in DLW3101 mainly
consists of smectite (31%–51%) and illite (23%–38%)
with minor chlorite (15%–22%) and kaolinite (6%–17%)
(Fig. 4). Apart from the deglacial period, the most

significant changes in mineral content during 145–
110 ka are the increases in illite and chlorite, whereas
the kaolinite percentage decreases. The illite crystal-
linity shows a higher value of 0.18 during 145–140 ka
and a lower value of 0.15 during 125–110 ka, suggest-
ing the occurrence of relatively unaltered illites during
MIS 5. The illite chemical index is also higher during
MIS 6. In addition, the smectite/(illite + chlorite) ra-
tio decreases from 0.9 during MIS 6 to 0.7 during
MIS 5, while the kaolinite/(illite + chlorite) ratio re-
veals a more significant decreasing trend from 0.4 to
0.2 during 145–110 ka (Fig. 4).

5 Discussion
5.1 Proxies of sediment provenance
The sediment provenance proxies we proposed here are
RAK and RKCN, which are derived by the chemical index
of alteration (CIA) based on major element contents.
The CIA is defined as Al2O3/(Al2O3 + CaO* + Na2O +
K2O) × 100 by using molar percentages of the major
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element oxides, where CaO* represents the CaO in the sili-
cate fraction (Nesbitt and Young 1982). In general, the
chemical leaching conditions of mobile alkali and alkaline
elements can be visualized using weathering trend plots,
such as the Al2O3–(CaO

* +Na2O)–K2O (A–CN–K) ternary
diagram (Fig. 5) (Nesbitt and Young 1984, 1989; Fedo et al.
1995). Sediments on the northern SCS slope are mainly
sourced from the Pearl River, Taiwan and Luzon at the
modern time (Liu et al. 2017), so we plot the terrestrial sam-
ples (< 63 μm) (Liu et al. 2016) from these three regions on
the A–CN–K diagram (Fig. 5). It is noteworthy that not only
the weathering intensities are not overlapped, but also the
weathering trends are distinct for the three regions (Fig. 5).

Theoretically, the weathering trends can be divided
into two steps due to the prior removal of Na2O and
CaO relative to K2O (Nesbitt and Young 1984, 1989;
Fedo et al. 1995), and these two steps of weathering can
be observed in the samples from the three major sources
(Fig. 5). Taiwan samples plot almost perpendicular to
the A–K line (Fig. 5), which means that the leaching of
CaO and Na2O is preferential while K2O is still fixed in
the weathering products (e.g., illite) (Liu et al. 2016). Ul-
timately, the absence of intermediate-acid rocks and ex-
tremely strong physical erosion are the primary factors
that prevent the leaching of K2O (Liu et al. 2016). In
contrast, the Pearl River samples plot linearly and are
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nearly perpendicular to the K–CN line (Fig. 5), associat-
ing with the abundant kaolinite contents in the modern
Pearl River basin and the Holocene estuary sediments
(Hu et al. 2013; Liu et al. 2016). These pieces of evidence
all suggest that the leaching of CaO and Na2O and the
removal of K2O are simultaneously occurring in the sed-
iments around the drainage basin. Luzon river samples
plot linearly and parallel to the A–CN line (Fig. 5), indi-
cating preferential leaching of CaO and Na2O as well as
lacking K2O in the bedrocks (Liu et al. 2009).
Since the obvious differences exist in weathering

trends between the Pearl River, Taiwan and Luzon
islands, we can use these features to indicate provenance
change once the weathering trend can be presented nu-
merically. The weathering trends can be analyzed by
correlation coefficients between CIA, K* and CN* (K* =
K2O/(Al2O3 + CaO* + Na2O + K2O) × 100; CN* = (CaO* +
Na2O)/(Al2O3 + CaO* + Na2O + K2O) × 100). The three

sectors (Fig. 5a) represent the direction ranges of pos-
sible weathering trends. And the diagram presents the
calculated positive and negative regions values of RAK,
RACN and RKCN in the three regions (RAK: Pearson’s r
between CIA and K*; RACN: Pearson’s r between CIA
and CN*; RKCN: Pearson’s r between K* and CN*). The
RACN values are negative all along, so it is useless for
provenance tracking. The weathering trend of modern
Taiwan locates in the sector I range, and the trend of
modern Pearl River samples lies at the border between
the sector II and III. The positive RAK only appears in
sector III, while the positive RKCN can be worked out
only in sector I (Fig. 5a). The value of RAK becomes
more negative when K-feldspar breakdown proceeds
rapidly, which means the leaching of K2O, while more
positive RKCN values also signal more intense K-feldspar
destruction (Fig. 5). We calculate these correlation coef-
ficients of the surface sediments samples from the Pearl

Taiwan
Pearl River
Luzon

Taiwan clay
Luzon clay

(>2.5 ka)

Plagioclase

Smectite

Luzon

Taiwan

A (Al2O3)

CN (CaO*+Na2O)

Kaolinite, Gibbsite

Bulk and clay fractions

Sites

Weathering trend

Plagioclase Plagioclase

Smectite Smectite

Taiwan clay

Luzon clay

Weathering trend
Weathering trend

DLW3101
MD12-3429
ZHS-176
MD12-3432

Luzon

Taiwan

A (Al2O3)

CN (CaO*+Na2O)

ODP 1146 19–8 Ma
ODP 1148 19–8 Ma
ODP 1144 1–0 Ma

Granite
UCC

(>2.5 ka)

K-feldspar

Illite

BiotiteLuzon

Taiwan

K (K2O)

A (Al2O3)

CN (CaO*+Na2O)

ODP 1148

ODP 1146

ODP 1144
ZHS-176

DLW3101

MD12-3432

MD12-3429

Sites in this study

K (K2O)
K-feldspar

UCC
Granite

K (K2O)
K-feldspar

Biotite

Biotite

UCC

Granite

Illite

Illite

(>2.5 ka)

50

60

70

80

90

100
CIA

Intense
weathering

Moderate
weathering

a

Weak
weathering

50

60

70

80

90

100
CIA

Intense
weathering

Moderate
weathering

b

Weak
weathering

c

ODP sites

Perpendicular to A–K line

Perpendicular to K–CN line

Parallel to A–CN line

Parallel to A–K line

Pearl 
River

Taiwan

RAK

RKCN

RACN

Pearl River

Pearl River

Pearl River

Pearl River

Pearl River

Pearl River

Fig. 5 Variations of the weathering trends of the source regions and the calculations of RAK, RACN and RKCN. Major elemental Al2O3–(CaO
* +

Na2O)–K2O (A–CN–K) diagram of bulk and clay-fraction sediments in a surrounding fluvial drainage systems (modified from Liu et al. 2016), b sites
DLW3101, MD12-3429, ZHS-176, MD12-3432, as well as c ODP sites 1144 (Wei et al. 2003), 1146 (Wan et al. 2010b) and 1148 (Wei et al. 2006).
CaO* represents the CaO in the silicate fraction (Nesbitt and Young 1982). The three sectors (I, II and III) in (a) represent the ranges of weathering
trends. And the diagram presents the calculated positive and negative values of RAK, RACN and RKCN in the three regions. RAK, RACN and RKCN are
the correlation coefficients between the chemical index of alteration (CIA), K* and CN*. CIA = Al2O3/(Al2O3 + CaO* + Na2O + K2O) × 100; K* = K2O/
(Al2O3 + CaO* + Na2O + K2O) × 100; CN* = (CaO* + Na2O)/(Al2O3 + CaO* + Na2O + K2O) × 100. RAK: Pearson’s r between CIA and K*; RACN: Pearson’s r
between CIA and CN*; RKCN: Pearson’s r between K* and CN*. The range of Pearl River samples (> 2.5 ka) is estimated based on Hu et al. (2016).
The black polylines show the weathering trends. UCC: Upper continental crust

Hu et al. Journal of Palaeogeography           (2021) 10:21 Page 6 of 17



River, Taiwan and Luzon (Fig. 6) (Liu et al. 2016). It is
noteworthy that the three potential sources show signifi-
cant differences in RAK and RKCN values (Fig. 6). Because
the Luzon input is low in our study area (Liu et al. 2011;
Zhong et al. 2017) and the RAK, RACN and RKCN values be-
tween Luzon and Taiwan are relatively similar, we focus
on the sediments that supply from the Pearl River and
Taiwan. The RAK values of the Pearl River are strongly
negative, whereas the RAK of Taiwan is strongly positive.
The RKCN of the Pearl River is not significantly different
from zero, while the RKCN of Taiwan is negative. As there
is little difference in the RACN values between the Pearl
River and Taiwan sources (Fig. 6), we consider the RAK

and RKCN values to be more effective for revealing the
provenance changes the history of the northern SCS.
Furthermore, we calculate the RAK and RKCN values of

three ODP sites (Figs. 5c, 7). The results suggest that the
sediments at ODP site 1144 (1–0Ma) are mainly sourced
from Taiwan, while those at ODP sites 1146 (19–8Ma)

and 1148 (19–8Ma) are mainly sourced from the Pearl
River (Fig. 7b). The conclusions draw by RAK and RKCN

values are exactly matched with those previous results de-
clared by clay mineral data (Fig. 7a) (Wan et al. 2010a),
and the conclusions derived from sedimentary lithofacies
and trace elements (Wei et al. 2012; Shao et al. 2019;
Zhang et al. 2020) also support our results. Besides,
the Sr–Nd isotope data also indicate the same condi-
tion (Fig. 7c) (Chen and Lee 1990; Clift et al. 2002,
2014; Lan et al. 2002; Zhou et al. 2002; Liu et al.
2007; Hu et al. 2012, 2013). However, the εNd values
of Taiwan and the Pearl River are so similar, while
the 87Sr/86Sr values are primarily controlled by chem-
ical weathering (Fig. 7c) (Hu et al. 2012; Clift et al.
2014), and the influence of Taiwan after 5 Ma makes
a simple weathering interpretation of the Sr isotope
data impossible (Clift et al. 2014). Therefore, the ap-
plication of Sr–Nd isotope in the northern SCS needs
to be more cautious especially after Taiwan uplift.
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In addition, the p-values are < 0.05 just when |r| > 0.6,
which means that the source indicative significance of RAK
or RKCN is meaningful only under these conditions. Never-
theless, we cannot regard the r value as totally meaningless
if p-values are > 0.05, when it is also a signal indicating a
mixture of Taiwan and Pear River sediments. Fortunately,
the p-values are always < 0.05 during most periods at the
four study sites and ODP sites we referred to (Fig. 7b, 8). In
summary, the RAK and RKCN we encouraged in this study
are robust provenance proxies in the northern SCS.

5.2 Spatiotemporal patterns of sediment deposition
We try to discuss the temporal variations in sediment
provenance on the northern SCS slope based on the
provenance proxies RAK and RKCN. The values of RAK

and RKCN are calculated for every continuous 10 points

of the data from sites DLW3101, MD12-3429 and
MD12-3432. The sample quantities of site ZHS-176 is
tenfold than other three sites per unit time, to guarantee
a similar time interval during every calculation, we pick
30 points from site ZHS-176 for each compute. The
upper continental slope is represented by sites
DLW3101 and MD12-3429, while sites ZHS-176 and
MD12-3432 represent the middle and lower slopes,
respectively. In addition, we put forward the kaolin-
ite/(illite + chlorite) ratio as an additional proxy for
source identification, as kaolinite is mostly provided
by the Pearl River, and illite and chlorite are mainly
from Taiwan (Liu et al. 2016). Nevertheless, the con-
tribution of the Pearl River since 2.5 ka can be over-
estimated because of the influence of anthropological
activity (Hu et al. 2013).
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The two sites DLW3101 and MD12-3429 on the upper
slope show similar changes in the RAK values, which are
more positive when the sea level is higher (Fig. 8a, b).
During 127–115 ka, the positive RAK values at DLW3101
indicate higher sediment input from Taiwan, consistent
with the lower kaolinite/(illite + chlorite) ratios and
higher illite crystallinity values (Fig. 4), which are also
signals of greater Taiwan input (Liu et al. 2016). During
145–135 ka and 25–18 ka, the strong negative RAK

values suggest increases of the Pearl River input. More-
over, the CIA values are relatively high with the finer
mean grain size of DLW3101 during interglacial periods,
but the CIA values are even higher during glacial max-
ima with larger grain sizes (Fig. 9d). In addition, it is
strange that the highest positive RAK occurred at early

MIS 4, and we take the most possible reason is the lack-
ing of samples during 77–67 ka at DLW3101.
At MD12-3429, the positive RAK values are present

at approximately 130–82 ka together with the negative
RKCN (Fig. 8b), indicating a higher Taiwan sediment
input during the high sea level stage. The RAK values
are negative during 145–130 ka, which represents a
relatively higher sediment input from the Pearl River.
In general, the upper slope receives more Taiwan
sediment during high sea level stages and less in
lowstands.
On the middle slope, given the strong negative

values of RAK, there is no significant Taiwan sediment
input over the last 30 ka at ZHS-176 (Fig. 8c). The
illite crystallization values are always much higher
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than the Taiwan range (Ge et al. 2010), also suggest-
ing a higher input from the Pearl River. Further, the
kaolinite/(illite + chlorite) ratios (Fig. 9f) indicate that
the Pearl River input is relatively higher during the
low sea level stage.
On the lower slope, the RAK values at MD12-3432

are always negative during 110–10 ka (Fig. 8d), and
the kaolinite percentages and CIA values are higher
during glacial periods (Fig. 9a, e) (Chen et al. 2017a).
These all suggest a higher sediment contribution from
the Pearl River during 110–10 ka, even higher in gla-
cials. By contrast, the RAK values reach a moderate
positive level during 135–110 ka (Fig. 8d), indicating
higher Taiwan sediment input during the high sea
level stage.

5.3 Influencing factors on RAK and RKCN
Besides provenance change, there are still other factors
can affect the values of RAK and RKCN such as hydraulic
sorting and chemical weathering. However, the influ-
ences of these two factors on the new provenance prox-
ies are weak in the northern SCS.
As for hydraulic sorting, in the source areas, the

weathering trends of clay fractions (< 2 μm) of Taiwan
and Luzon sediments do not show significant differences
from bulk sediments (< 63 μm) (Fig. 5), indicating that

the influences of hydraulic sorting on the weathering
trends of the sediments from Taiwan and Luzon are
negligible. For the sink regions, the weathering intensity
inferred from the CIA and K/Al ratio is extremely high
during MIS 2 and MIS 6 at DLW3101 with the largest
grain sizes (Fig. 9d, g). The larger grain sizes are also co-
incident with more intense weathering at ZHS-176 since
14 ka (Ge et al. 2010; Zhang et al. 2013) (Fig. 9b, f). At
MD12-3432, the higher mean grain size of the sortable
silt is not always appearing at the same time with lower
CIA or K/Al values (Fig. 9a). In total, the weathering in-
tensity always rises with a larger grain size in these four
sites. However, larger grain size should indicate weaker
weathering (Xiong et al. 2010; Huang et al. 2011; Israeli
and Emmanuel 2018; Hatano et al. 2019), because the
more presence of quartz leads to the loss of weathering
sensitive minerals, and the silt fraction may contain
abundant micas which have lower CIA values than clays
(Andrews et al. 2003). In other words, the grain size
effect on weathering is not always conformed to the
theory.
In the northern SCS, the only way that hydraulic sort-

ing can influence the judgment by RAK and RKCN is win-
nowing fine-grained particles from the Pearl River,
getting the weathering intensity down, finally pushing
the weathering trends to Taiwan-type. Nevertheless,
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these procedures never happen as the weathering trends
are always showing a K2O leaching type when grain size
becomes larger. Thus, hydraulic sorting has little influ-
ence on the proxies RAK and RKCN at these four sites
during the most time since 150 ka.
As for chemical weathering, firstly, the temporal varia-

tions of provenance proxies and weathering proxies are
different in most cases (Fig. 9). That is because RAK and
RKCN reflect the direction of weathering trend, while
CIA and K/Al show the weathering intensity of the mix-
ture sediment on the slope. Secondly, the periodicities of
RAK and K/Al are more distinct than CIA (Fig. 10), be-
cause the weathering intensity of the mixture is influ-
enced by weathering condition, hydraulic sorting and
provenance change simultaneously, while the climate-
related periodicities of these factors are asynchronous.
On the other hand, the provenance change is mainly
controlled by the climate in the northern SCS, especially
sea level and rainfall, these will be discussed at length in
the next section. Besides, potassium enriches in illite,
which is the major component of Taiwan clay, so the K/
Al ratio rather than the CIA is strongly influenced by
provenance change.
Otherwise, the weathering conditions of Taiwan and

the Pearl River did not become significantly different
during the LGP (Liu et al. 2016; Wan et al. 2017, 2020).
During glacial lowstands, the unconsolidated shelf sedi-
ments near the Paleo-Pearl River are transported to the
slope, where they would be subject to an even greater

degree of weathering (Wan et al. 2017). And this would
not change the weathering trend direction of the Pearl
River region. For Taiwan, the chemical weathering is
stable since the LGM, as it is limited by the extremely
high physical erosion (Selvaraj and Chen 2006; Liu et al.
2016; Wan et al. 2020). The constant clay contents of
the sites around Taiwan indicate the element composi-
tions are unaltered. The weathering trend of Taiwan is
suggested to be constant over the last 150 ka. Therefore,
the modern surface samples we use from the Pearl River
and Taiwan are suitable to represent the condition since
150 ka.
In general, hydraulic sorting and chemical weathering

can influence the sediment composition, but these fac-
tors cannot change the weathering trends of sediments
from Taiwan or the Pearl River thoroughly, so that the
provenance proxies RAK and RKCN are independent of
both hydraulic sorting and chemical weathering. After
ruling out the impacts of chemical weathering in the
source regions and hydraulic sorting during transport,
we suggest that the provenance change can be revealed
by RAK and RKCN more credibly in this study area since
150 ka.

5.4 Controlling mechanisms of sediment transport
As to the controlling mechanisms of provenance change
in the northern SCS, based on the results recovered by
RAK and RKCN, we suggest that the sediment provenance
change on the northern SCS slope reflects the
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superimposition of the influences of sea level fluctua-
tions and the East Asian summer monsoon (EASM)
rainfall.
During high sea level stages, the influence of Taiwan

sediment input is greater at DLW3101, MD12-3429 and
MD12-3432 (Fig. 11a), while ZHS-176 shows no obvious
signs of increasing Taiwan input during the whole Holo-
cene (Fig. 8c). Most of the sediments are transported by
contour currents during the high sea level stages (Fig.
11a) (Liu et al. 2017). Site ZHS-176 is located within the
range of the Intermediate Water Current (IWC) (Wang
et al. 2013; Sun et al. 2016; Zhao et al. 2015), which can-
not carry sediments from Taiwan to the study area be-
cause of its NE flow direction. The Taiwan sediments
are mainly carried by the South China Sea Branch of
Kuroshio Current (SCSBKC) and Deep Water Current
(DWC), while the IWC can transport sediments from
Hainan, the Red River, or the Indochina Peninsula (Hu
et al. 2014). In addition, most of the sediments from the
Pearl River are trapped on the continental shelf during
the highstands (Ge et al. 2014), therefore Taiwan input
relatively increases together with heavier rainfall due to
the stronger EASM and northward shift of the ITCZ
(Fig. 11a).
During low sea level stages, detrital materials at all

these four sites are mainly derived from the Pearl River
drainage area (Fig. 11b). When global sea level was low-
ered by ~ 120m during glacial maxima at approximately
137 ka and 23 ka (Fig. 11b), the continental shelf around
the South China margin was exposed, and the distance
from the Pearl River mouth to the continental slope was
significantly shorter than that during high sea level
stages (Huang et al. 2011; Liu et al. 2017). Meanwhile,
the ITCZ can be still located near the northern SCS
shelf due to the slightly southward shift (Fig. 11b)
(McGee et al. 2014), hence, the rainfall can be still
strong around the shelf area in glacial maxima. The de-
trital materials on the exposed shelf and the sediments
transported by the paleo-Pearl River can be transported
in abundance by downslope gravity currents (Wang
et al. 2018a). In addition, the shelf sediments are subject
to even higher weathering during lowstands (Wan et al.
2017). Therefore, the relative contribution of eroded de-
trital material with negative RAK values from the Pearl
River or exposed shelf would increase during sea level
lowstands (Fig. 11b).
It is noteworthy that more positive RAK values at

MD12-3429 are not always coincident with higher sea
level, and the change in RAK is almost opposite to that at
DLW3101 during 120–82 ka (Fig. 8). Given their adja-
cent locations, the changes in downslope transport
would affect DLW3101 and MD12-3429 similarly, so the
most likely explanation would be the differences in
alongslope transportation. The depth ranges of contour

currents fluctuate together with sea level and seasonal
change (Zhao et al. 2015; Wang et al. 2018a). The bot-
tom boundary of the contour current SCSBKC, which
carries Taiwan-sourced sediments westwards to the
study area, is at ~ 420 m water depth around the top of
the Pearl River Canyon (Wang et al. 2018a) and ~ 800m
water depth at the eastern end of Dongsha Island (Luan
et al. 2012), so its depth can be deeper on the eastern
side of the Pearl River Canyon due to the deeper sea-
floor. These indicate that MD12-3429 is located beneath
the boundary between the westward SCSBKC and the
eastward IWC, while DLW3101 is located in the center
range of the SCSBKC. In this case, the Taiwan sediments
carried by the SCSBKC may increase at DLW3101 but
decrease at MD12-3429 because the sea level rise will
shift the SCSBKC–IWC boundary upwards.
Temporal variations in RAK at DLW3101, MD12-3429

and MD12-3432 can present the orbital changes in sea
level and the EASM (Fig. 10). The precession and semi-
precession periodicities are identified in RAK values at all
three sites with sufficient long records (Fig. 10). The ob-
liquity cycles at the shallowest site DLW3101 (Fig. 10a)
are most likely linked to sea level fluctuations, because
the variance of global ice volume change during the
Pleistocene is concentrated in the obliquity band (Huy-
bers 2006). The precession cycles are mainly related to
the EASM rainfall, which is driven by summer insolation
(Huang et al. 2011). The rainfall strength variations can
be indicated by oxygen isotope records from stalagmites
in East and South China (Fig. 8e) (Cheng et al. 2016).
Furthermore, a strong EASM is always accompanied by
a warm and humid climate, which tends to enhance the
river denudation rate in the Pearl River delta and Taiwan
(Tamburini et al. 2003; Chen et al. 2017a).
The superposition of monsoonal and sea level changes

leads to diverse patterns of sediment provenance change.
On the one hand, the delivery of the Pearl River sedi-
ments to the northern SCS slope is most favoredunder
the scenario of a stronger EASM and low sea level stand
in other words, the combined effects of a greater de-
nudation rate and shorter transport distance (Fig. 11b).
For example, during the high rainfall periods around 57
ka and 31 ka, the Pearl River input is all great at
DLW3101 and MD12-3432 indicated by the negative
RAK values (Fig. 8a, d). On the other hand, Taiwan input
is enhanced most in the presence of a stronger EASM
and high sea level stand, which leads to greater erosion
in Taiwan together with a stronger SCSBKC (Jiang et al.
2006). For instance, the positive RAK values indicate
greater Taiwan input during MIS 5 at DLW3101 and
MD12-3429 (Fig. 8).
In addition to sea level and monsoon rainfall, local ba-

thymetry is another essential factor controlling sediment
transport pathways on the northern SCS slope, especially
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at MD12-3432. Sediments from ODP sites 1146 and
1148 since 3Ma are mainly derived from Taiwan (Wan
et al. 2010a), but sediments from MD12-3432 show
more similarities to the Pearl River samples (Fig. 5), al-
though these sites are located at similar water depths
and locations. The possible reason is that MD12-3432
and ODP site 1146 are respectively located on the west-
ern and eastern slopes of a ridge, which is the eastern
border of the Pearl River Canyon and reaches a depth
shallower than 2000 m (Fig. 11b). The boundary between

the eastward IWC and the westward DWC may reach
approximately 2000 m (Zhao et al. 2015), so the ridge
may block the material from Taiwan in the east carried
by the DWC. Meanwhile, the sediments from the Pearl
River or continent shelf can be transported downslope
to the west side of the ridge through the canyon system
(Shanmugam 2006) (Fig. 11b). Furthermore, the excep-
tions appear at approximately 6–1 ka and 135–110 ka,
when high sea level stands meet the strong summer
monsoon, producing a more favored condition for

Fig. 11 Sediment depositional patterns during a high and b low sea level stages. The dispersal of Pearl River-sourced sediments depicted by red
shaded area is wider in the glacial epochs based on our results and previous studies (Liu et al. 2016, 2017) than during the Holocene (Ge et al.
2014). The dispersal of Taiwan-sourced sediments represented by green shaded area is mainly located in the range of the SCSBKC and DWC
based on our results and previous studies (Shao et al. 2007; Wan et al. 2010a; Liu et al. 2016). Gray ribbons show the locations of the ITCZ in
glacial and modern times (McGee et al. 2014; Clift 2020) with the high precipitation zones noted by cloud icons. See Fig. 1 for all current systems
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Taiwan input at MD12-3432 (Fig. 8d), as the IWC–
DWC interface may rise during MIS 5 and the late
Holocene.

6 Conclusions
Based on the geochemical and clay mineralogical ana-
lyses of the continental slope sediments from the north-
ern SCS, several conclusions can be drawn concerning
the sediment depositional patterns over the past 150 ka
in the northern SCS.

1) The element and mineral compositions are strongly
influenced by provenance changes on the northern
SCS slope. Due to the significant differences in
weathering trends between the Pearl River and
Taiwan sediment sources, the correlation coefficients
RAK and RKCN between the endmembers on the A–
CN–K diagram can be useful proxies for provenance
tracing, since they are independent of hydraulic
sorting and chemical weathering impacts.

2) The element and clay mineral analyses reveal
that the four sites (DLW3101, MD12-3429, ZHS-
176, and MD12-3432) encompassing the upper to
lower slope ranges experienced similar deposi-
tional patterns during low sea level stages at ap-
proximately 137 ka and 23 ka, when most of the
detrital materials were supplied by the Paleo-
Pearl River drainage system through gravity
flows; during the high sea level stage at approxi-
mately 123 ka, the sediments were mainly sup-
plied from Taiwan by the contour currents
SCSBKC and DWC to the upper and lower
slopes, respectively. And the Taiwan input was
insignificant on the middle slope in the range of
the contour current IWC.

3) Sea level and the EASM rainfall are the two major
factors controlling sediment transport processes
since 150 ka. The sea level fluctuations can
significantly influence the transport distance of
sediments from South China and the boundaries of
contour currents, while the EASM rainfall strongly
alters the erosion rates in terrestrial source regions.
Besides, local bathymetry may be another essential
factor affecting sediment deposition due to its
impact on contour current flow direction.
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