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d Key Laboratory of Marine Geology and Environment, Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, China 
e Department of Earth Sciences, National Central University, Jhongli, 32001, Taiwan.   

A R T I C L E  I N F O   

Editor: Christian France-Lanord  

Keywords: 
Foraminiferal εNd 
Weathering 
River discharge 
Paleohydrology 
East Asian Summer Monsoon 
South China Sea 

A B S T R A C T   

Neodymium isotopic compositions (εNd) in the marginal sea is influenced by the ocean circulations as well as the 
lithogenic input from continents, but their relative contributions and the impact of detrital sediments are not well 
constrained. In this study, Nd isotopic compositions of mixed planktonic foraminifera species and carbonate-free 
fraction of sediment from two cores collected at 1250–1350 m water depth in the southwestern (core 
MD01–2393) and northeastern (core MD18–3569) South China Sea (SCS) have been investigated in order to 
constrain the relative contributions of lithogenic Nd inputs from large Asian rivers and hydrological variations at 
intermediate depth in the SCS. The foraminiferal εNd values of both cores (− 7.3 ± 0.2 to − 5.8 ± 0.2 for core 
MD18–3569 and − 8.1 ± 0.2 to − 7.2 ± 0.2 for core MD01–2393) indicate strong modifications of the initial εNd 
of the North Pacific Intermediate Water (NPIW) (εNd of − 4) flowing into the SCS by unradiogenic sediments 
(− 13 to − 11) from large Asian rivers. The foraminiferal εNd record of core MD01–2393 displays significantly 
unradiogenic values from 18 to 8 cal kyr BP which are associated with intensification of monsoon rainfall and 
river input of detrital material characterized by strongly altered minerals (high illite chemical index and 
kaolinite/illite ratio) deriving from tropical plain soils of the Mekong River basin. We suggest here that pedo
genetic minerals from tropical plain soils are more efficient in terms of Nd exchange with the seawater than 
primary minerals produced by intense physical erosion during the glacial period. In contrast, the foraminiferal 
εNd record for the northern core MD18–3569 is characterized by radiogenic εNd values from 18 to 12 cal kyr BP; 
these values have been linked to an increased intrusion of radiogenic glacial NPIW to the northern SCS and 
greater ventilation of water masses (deduced from Δ14C) in the northern deep basin of the SCS compared to the 
southern one. This time interval is associated with newly formed NPIW in the subarctic Pacific Ocean beginning 
at about 18 cal kyr BP. Overall, our results indicate that the state of chemical weathering of sediment delivered 
by rivers is the main factor controlling the detrital modification of past seawater εNd distributions in the mar
ginal sea of the SCS.   

1. Introduction 

The South China Sea (SCS) is a key area for reconstructing high- 
resolution paleo-hydrological and paleoclimatic variability in the trop
ical western Pacific at different time scales. It is significantly influenced 
by the water current from the western Pacific (Wyrtki, 1961; Qu et al., 

2006), as well as large inputs of weathered materials from south China 
margins which are formed by the uplift of the Tibetan Plateau (Milliman 
and Farnsworth, 2011; Liu et al., 2016). 

The SCS is a semi-closed marginal sea connected to the western Pa
cific Ocean through a single channel, the Luzon Strait, which is the only 
passage for the North Pacific Intermediate and deep-water masses 
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(NPIW and PDW) to enter (Wyrtki, 1961; Qu et al., 2006). These in
termediate and deep-water masses first turn northwestward before 
flowing southward along the continental margin off Southeast China 
(Qu et al., 2006) and contribute to the SCS Contour Current (Zhao et al., 
2015). Several previous studies have investigated high resolution se
quences in the northern and western margin of the SCS to study the 
paleohydrology of water masses inflowing into the SCS at different time 
scales (Jian et al., 1999; Li et al., 2004; Yin et al., 2021; Zheng et al., 
2016), mainly using typical proxies (e.g. δ13C or Δ14C analyzed on for
aminifers, sortable silts…) (e.g. Wan et al., 2018; Wan and Jian, 2014; 
Wan et al., 2020; Zhao et al., 2023). These studies indicate that the 
glacial NPIW became the most prominent source of deep water in the 
SCS after the last glacial maximum (LGM, 18–24 kyr) (Wan et al., 2018; 
Wan and Jian, 2014), which is associated with strengthened mid-depth 
circulation in the North Pacific resulting from the formation of the 
glacial NPIW in the subarctic Pacific (Matsumoto et al., 2002; Okazaki 
et al., 2012). 

In the last two decades, Nd isotopic composition (143Nd/144Nd 
expressed as εNd) has been shown to be a useful proxy to track water 
mass circulation of the ocean due to the “quasi conservative” behaviour 
of Nd in seawater (Frank, 2002; Piotrowski et al., 2005; Tachikawa et al., 
2014; Dubois-Dauphin et al., 2017; Fuhr et al., 2021; Montagna et al., 
2022). Several studies have thus tentatively investigated εNd analyzed 
on authigenic and biogenic phases of sediments from the deep depth 
(>1500 m) of the SCS in order to better constrain the origin of water 
masses at different time scales (Huang et al., 2014; Wu et al., 2015b; Wu 
et al., 2017). It has been demonstrated that the deep-water in the SCS 
mainly consists of the inflow through the Luzon Strait of the PDW and 
NPIW, which today are characterized by similar Nd isotopic composi
tions to those of the Western Pacific Ocean (e.g. Philippine Sea) (around 
− 4; Wu et al., 2015a, 2022). Any variations in the paleohydrology of the 
Pacific Ocean, which are characterized by contrasted Nd isotopic 
composition between southern sources water masses (e.g. AAIW = − 8 to 
− 6; UCDW/LCDW = − 9 to − 7, Jeandel et al., 2013, Carter et al., 2012) 
and northern sources water masses (NPIW = − 3.4 ~ − 2.7 and NPDW =
− 4, (Amakawa et al., 2004, 2009) should be recorded in the SCS, at least 
in its northern part. Unfortunately, the record of past intermediate water 
in the SCS is poorly constrained. 

However, close to the continent, seawater Nd isotopes are strongly 
influenced by continental weathering, whose signature is directly 
imprinted on local intermediate and deep water via dissolved riverine 
inputs, scavenging and desorption of sinking particles in the water col
umn (Grasse et al., 2012; Stichel et al., 2015; Wang et al., 2021), as well 
as benthic fluxes in ocean margin sediments (Abbott et al., 2016; Du 
et al., 2016). Therefore, seawater εNd in marginal seas may reflect the 
combined effect of regional lithogenic inputs from continental weath
ering and mixing of water masses characterized by distinct isotopic 
signatures (Jeandel et al., 2007; Montagna et al., 2022; Rousseau et al., 
2015; Osborne et al., 2014). Recent studies have shown that dissolved 
seawater εNd distribution in the Bay of Bengal displays a north-south 
gradient with a seasonal variability resulting from monsoonal vari
ability of the input of unradiogenic lithogenic Nd from large Himalayan 
rivers (mainly the Ganges–Brahmaputra river system) and the inflowing 
water masses originating from the Southern Ocean (Singh et al., 2012; 
Yu et al., 2017b). This particularly enables us to constrain the relative 
contributions of lithogenic Nd inputs from the Himalayas during the 
Quaternary (Burton and Vance, 2000; Gourlan et al., 2008, 2010; Bang 
et al., 2021; Yu et al., 2017b, 2022). Nevertheless, some important issues 
regarding the specific mechanism of how these two factors co-affect the 
seawater εNd remain unresolved. 

In addition, several previous studies infer that the interaction be
tween dissolved and particulate phases could be dependent on the 
mineralogy of the lithogenic input to the ocean and/or the state of 
chemical weathering of the lithogenic material (Blanckenburg and 
Nagler, 2001; Howe et al., 2016; Hindshaw et al., 2018; Larkin et al., 
2021; Wang et al., 2022; Bayon et al., 2023; Huang et al., 2023). For 

example, the labile Nd bearing materials derive mainly from sedimen
tary sources rather than the dissolution of silicate minerals (Jang et al., 
2020), thus the erosion and weathering of sedimentary rocks might 
promote the reactivity of the labile fraction and its exchange with dis
solved seawater (Larkin et al., 2021). Nevertheless, some important is
sues regarding the mineralogy fractions that are able to exchange Nd 
with seawater are still unsolved. 

The SCS receives a huge amount of suspended sediments (~700 
million tons annually) from surrounding drainage basins, representing 
3.7% of estimated global fluvial sediment discharge into the world 
ocean (Milliman and Farnsworth, 2011). These huge river basins deliver 
to the SCS sediments that are characterized by very contrasted miner
alogical (clay mineral assemblages) and geochemical compositions (Liu 
et al., 2016). Quaternary sediments of the SCS have been intensively 
investigated using sediments sampled off-shore from large Asian rivers 
(e.g. Mekong River, Pearl River etc.) in order to establish past changes in 
weathering and sediment transfer to the oceanic margin (Liu et al., 
2010, 2016; Colin et al., 2010; Hu et al., 2012; Chen et al., 2017; Zhao 
et al., 2018). These studies reveal a close relationship between the 
weathering/erosion process and climate changes (e.g. East Asian 
Monsoon and sea-level variations) (Boulay et al., 2005; Chen et al., 
2017; Zhao et al., 2018; Jiwarungrueangkul and Liu, 2021). As a result, 
the SCS constitutes an ideal area to better constrain the specific pro
cesses and sources involved in the exchange between seawater and river 
detrital sediments, aspects that currently remain unclear. 

Given that the deep water masses flow along the continental margin 
off southeast China after entering the SCS from the Luzon Strait (Qu 
et al., 2006) and since there are large detrital discharges from the Pearl 
River, Red River, and Mekong River characterized by negative εNd 
values (− 13 ~ − 10.7, Wei et al., 2012) compared to the NPIW or PDW 
(around − 4 ~ − 3, Amakawa et al., 2004), it follows that the εNd of SCS 
intermediate and deep-waters could be strongly modified by unradio
genic lithogenic Nd inputs during its southward circulation in the SCS. 
Such Nd isotopic composition modification is particularly well observed 
in modern surface seawater which yields less radiogenic εNd values in 
the southern SCS (− 9.5 ~ − 7.1) compared to the northern basin (− 5.3 
~ − 3.3; Amakawa et al., 2000, Wu et al., 2015a). Such north-south 
gradient of seawater εNd has been also observed indirectly for deep 
water of the SCS through foraminiferal εNd values extracted from core 
top sediments in northern (MD05–2904, 2066 m, εNd = − 4.2 ± 0.3) and 
southern SCS (MD05–2899, 2393 m, εNd = − 6.2 ± 0.4; MD05–2901, 
1454 m, − 7.2 ± 0.2, Wu et al., 2015b). During glacial-interglacial cycles 
of the Quaternary, changes in the paleogeography of the SCS due to 
lowered sea-level, variations in weathering state of sediments, varia
tions in sediment flux to continental margins and changes in water ex
changes between the Philippines Sea and the SCS, as well as 
hydrological changes within the SCS, could have modified the spatial 
distribution of seawater εNd in the SCS. However, the lack of εNd re
cords at intermediate depth for the area close to the Luzon Strait and for 
the southern SCS does not permit to distinguish, in past seawater εNd 
record of the SCS, the contribution of variations induced by water 
masses mixing from lithogenic Nd input resulting from continental 
weathering. 

In this study, εNd values of mixed planktonic foraminifera have been 
analyzed on two sediment cores located in the northeastern and south
western SCS to establish the relative contributions of lithogenic Nd input 
from rivers (southern Taiwanese rivers and the Mekong River) and 
contributions from the intermediate-water inflows from the north Pa
cific during the last 25 kyr. In a broader context, the εNd records are 
compared with previous Sea Surface Salinity records and mineralogical 
proxy records of the intensity of chemical weathering affecting river 
basins (Liu et al., 2005; Colin et al., 2010; Chen et al., 2021) in order to 
determine, in an exploratory way, the potential relationship between 
foraminiferal Nd isotope compositions and the state of chemical 
weathering of detrital materials transported to the SCS and their link 
with past climate changes (e.g., East Asian Monsoon and sea-level 
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variations). 

2. Hydrological setting and materials 

2.1. Hydrological setting 

The SCS is a completely isolated basin below the deepest 2400 m sill 
in the Luzon Strait (Qu et al., 2006; Wyrtki, 1961). The deep SCS water 
derives from the intrusion of the PDW with high salinity (34.62) and a 
low temperature (1.68 ◦C). The PDW (2000–2500 m) sinks immediately 
after crossing the Luzon Strait and joins a basin-scale cyclonic deep 
circulation (Qu et al., 2006; Tian et al., 2009; Wang et al., 2011). The 
NPIW, characterized by higher temperatures and lower salinity (34.15), 
overlies the PDW (Tian et al., 2009). The present-day mean trajectory of 
intermediate water in the Luzon Strait is eastward with strong seasonal 
variability (Xie et al., 2011; Zhu et al., 2019). According to the basin- 
scale oxygen distribution and numerical model simulations, the deep 
water flows northwestward to the northern slope of the SCS and there
after southwestward along the western margin of the SCS (Fig. 1a,b) (Li 
and Qu, 2006; Qu et al., 2006; Wang et al., 2018). This southwestward 
movement of intrusive water ends at approximately 13◦N, along the 
slope east of Vietnam where the intermediate water extensively sub
ducts downward (Liu and Gan, 2017). The intermediate and deep-water 
masses of the SCS present a general anticlockwise circulation along all 
margins of the SCS inducing a mixing of water masses from the northern 
and southern SCS (Fig. 1b). Enhanced vertical mixing and the cyclonic 
circulations suggest a much shorter residence time of deep water in the 
SCS (30–50 yrs., Chang et al., 2010) than that of the Pacific Ocean 
(~1000 yrs., Broecker et al., 2008). A recent estimation indicates that 
deep water in the southern SCS has a longer residence time (~40 yrs) 
than that of the northern SCS (~25 yrs., Liu and Gan, 2017). Strong 
vertical deep mixing between intermediate and deep water and lateral 
advection occurred in the southern SCS during the Holocene (Wan and 
Jian, 2014; Jin et al., 2018). 

The climate of the SCS and its surrounding continents is primarily 
affected by the East Asian Monsoon. The East Asian Monsoon results 
from differential land-sea heating and induces seasonal reversal in wind 
direction and sea surface circulations of the SCS, as well as a seasonal 
variation in precipitation, runoff, and freshwater and sediment dis
charges to the SCS (Wang et al., 2005). The SCS (including Taiwanese 
rivers and the Mekong River basin) is thus characterized by a humid 
summer monsoon period from about May to October and a drier winter 
monsoon period from November to April (Wang et al., 2001; Wang et al., 
2005). 

The SCS receives a huge amount of suspended sediments (>700 Mt./ 
yr) from large Asian River basins (e.g. Mekong River, Red River, Pearl 
River etc), triggering high sediment accumulation rates throughout the 
SCS (Liu and Stattegger, 2014). Sediment discharge rates from Taiwa
nese rivers and the Mekong River to the SCS are 176 Mt./yr and 160 Mt./ 
yr, respectively (Liu et al., 2016). On the one hand, rivers in southern 
Taiwan are generally short in length and are characterized by small 
drainage basins, steep slope gradients and highly erodible bedrock 
(Wang et al., 2009). Taiwan is characterized by strong physical erosion 
and sediments delivered to the SCS are characterized by poorly hydro
lyzed minerals. Sediments discharged from southern Taiwan are then 
transferred to the deep basin by turbidity currents along deep-sea can
yons, e.g., the Gaoping Canyon. At the present time, turbidity currents in 
the Gaoping Canyon are largely controlled by typhoon events (Zhang 
et al., 2018). On the other hand, the Mekong River originates from the 
Tibetan Plateau and flows southeastwards through steep valleys along 
the eastern Tibetan margin into the vast plains of Indochina before 
entering the SCS (Liu et al., 2007). The upper catchment of the Mekong 
River is associated with strong physical erosion, delivering mainly 
poorly hydrolyzed minerals, whereas soils of the lower reaches of the 
Mekong River basin supply contrasted mineralogy associated with 
tropical soils. Accumulated discharges during the wet season (~4 

months from June to September) from the Gaoping River and Mekong 
River account for approximately 78% and 85% of the total annual 
discharge, respectively. This corresponds to suspended loads that are ten 
times higher in wet seasons than in dry seasons (Wang et al., 2009; Duy 
Vinh et al., 2016). Due to a large influx of freshwater during the wet 
summer monsoon, a sea surface salinity reduction (up to ~7‰) can be 
observed in the SCS, particularly along a latitude of 17◦N (Levitus et al., 
1994). 

2.2. Sediment cores and age models 

The Calypso cores MD18–3569 (22◦09.30′N; 119◦49.24′E; water 
depth of 1320 m; 40.08 m long) and MD01–2393 (10◦30.15”N; 
110◦03.68″E; water depth of 1230 m; 42.5 m long) were collected off 
southwest Taiwan during the HydroSed cruise in July 2018 and in the 
southwestern SCS during the 122/IMAGES VII-WEPAMA cruise in 2001 
aboard the R/V Marion Dufresne, respectively (Fig. 1b). These study sites 
have been selected because they each receive detrital sediments from a 
single main sedimentary source. Core MD18–3569 is located on the 
southeastern bank of a meander of the Penghu Canyon at ~600 m of 
altitude above the canyon thalweg which means that overspilling 
turbidity currents do not reach the site. The lithology of the core consists 
of a homogenous hemipelagic brown clay without any visible turbidites. 
Core MD01–2393 is located on the continental slope, ~400 km off the 
modern Mekong River mouth. The lithology is homogeneous and ranges 
from olive/dark clay to silt with foraminifer-rich or diatom-bearing 
nannofossil ooze. Both cores are located above the depth of the Luzon 
Strait (2400 m) and in a similar intermediate water masse corresponding 
to the NPIW that flows along the northern and western margins of the 
SCS. 

The age models of cores MD18–3569 and MD01–2393 were based 
both on the δ18O stratigraphy of the planktonic foraminifera Globiger
inoides ruber and on accelerator mass spectrometry (AMS) 14C dates 
obtained on well-preserved calcareous tests of planktonic foraminifera 
Globigerinoides ruber or Globigerinoides sacculifer (Fig. 2a,c) (Colin et al., 
2010; Chen et al., 2021). 

The mean sedimentation rate of core MD18–3569 is high (54.7 cm/ 
kyr) and increases significantly during the last deglaciation from 34.9 to 
52 cm/kyr, reaching a maximum value of 72.9 cm/kyr after 4 cal kyr BP 
(Fig. 2b) (Chen et al., 2021). Core MD01–2393 provides a continuous 
record since the last 25 cal kyr BP with an average sedimentation rate of 
about 40 cm/kyr (Fig. 2d) (Colin et al., 2010). Both studied cores are 
characterized by high sedimentation rates allowing us to obtain a high 
temporal resolution for εNd analyses spanning the last 25 cal kyr BP. 

3. Methods 

Approximately 30 mg of mixed planktonic foraminifera from sedi
ment samples of cores MD01–2393 and MD18–3569 were picked from 
the >150 μm fraction for Nd isotope analyses. The samples were gently 
crushed between two glass slides under the microscope to open all 
chambers, and then ultrasonicated with Milli-Q water. Each sample was 
rinsed thoroughly with Milli-Q water to remove the supernatant and the 
procedure was repeated until the solution was clear and all clay had 
been removed. After the cleaning step, samples were dissolved using 
stepwise 100 μl diluted nitric acid (1 N) until the dissolution reaction 
completed. The dissolved foraminifera were centrifuged, and the su
pernatant was immediately transferred to Teflon beakers to prevent 
leaching of any possible remaining phases. 

In addition, Nd isotopic compositions were analyzed on 9 sediment 
samples from core MD18–3569 after decarbonation (20% acetic acid) 
and organic matter removal (H2O2). Samples were firstly dissolved in 
HF-HClO4 and HNO3-HCl mixtures. 

Nd was then separated following the analytical procedure described 
in Copard et al. (2010). Samples were first loaded on preconditioned 
TRU Spec columns to elute unwanted cations using five aliquots of 0.5 
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Fig. 1. Geographical setting and locations of cores MD01–2393 and MD18–3569 (red Pentagrams). The gold line and the blue dashed line in panel (a) indicate the 
circulation of deep water and intermediate water in the Pacific Ocean which flow into the SCS through the Luzon Strait (Kawabe and Fujio, 2010). The gold line in 
panel (b) indicates the dominant anticlockwise circulation of deep current in SCS. The locations of other cores discussed this study are shown by blue circles (Boulay 
et al., 2005; Wu et al., 2015a, 2015b, 2017; Huang et al., 2014; Zhao et al., 2023). (c) Paleogeography of the SCS during the Last Glacial Maximum (LGM). Paleo-river 
systems are reported (Wang et al., 2005). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ml 1 M HNO3; the TRU spec columns were then placed over Ln-Spec 
columns. The LREEs were eluted from the upper (TRU spec) columns 
using seven aliquots of 0.1 ml 0.05 M HNO3. After decoupling from the 
Ln Spec columns, 2.5 ml of 0.25 M HCl was used to elute La, Ce and most 
of the Pr. Nd were then eluted with an additional 3.25 ml 0.25 M HCl. 

The 143Nd/144Nd ratios of all purified Nd fractions were measured 
using the Multi-Collector Inductively Coupled Plasma Mass Spectrom
eter (MC-ICP-MS NeptunePlus Thermo Fisher) (PANOPLY’s analytical 
facilities at the University Paris-Saclay, France) hosted at the Laboratoire 
des Sciences du Climat et de l’Environnement (LSCE, Gif-sur-Yvette, 
France). The solutions were analyzed at a concentration of 10 to 15 
ppb. The mass-fractionation correction was made by normalizing 
146Nd/144Nd to 0.7219 and applying an exponential-fractionation law 
correction. During the analysis, every group of three samples was 
bracketed with JNdi-1 with Nd concentrations similar to those of sam
ples. Replicate analyses of the JNdi-1 standard yielded mean 
143Nd/144Nd ratios of 0.512105 ± 0.000007 (2σ, n = 35), matching the 
well accepted values of 0.512115 ± 0.000006 (Tanaka et al., 2000) for 
JNdi-1. The εNd external reproducibility (2σ) deduced from repeated 
measurements of the JNdi-1standard, is below 0.2 epsilon units for the 

different analytical sessions. The analytical uncertainty is the combi
nation of the reproducibility of the session standard and the measure
ment error of each sample. Total blank values were < 30 pg and can be 
ignored as they represent <0.1% of the sample characterized by the 
lowest quantity of Nd. 

4. Results 

For core MD18–3569, located in the northeastern SCS, εNd values of 
bulk siliciclastic sediments display a narrow range from − 11.1 ± 0.2 to 
− 10.4± 0.2 (Table S1 and Fig. 2e). In contrast, foraminiferal εNd display 
a large range from − 7.3 ± 0.2 to − 5.8 ± 0.2 over the last 31 kyr 
(Fig. 2e). In general, samples from the last glacial period have similar 
εNd values to those of the mid-Holocene. The time interval from 20 to 
18.6 cal kyr BP is associated with a negative shift of εNd values reaching 
up to − 7.1 ± 0.2. This is followed by a subsequent progressive increase 
from 18 to 12 cal kyr BP to reach a maximum (− 5.8 ± 0.2) during the 
time interval coeval with the Younger Dryas event in Europe. Thereafter, 
a second negative excursion of around 1.5 units to a minimum εNd value 
(− 7.3 ± 0.2) is observed between 12 and 10.2 cal kyr BP. The early 
Holocene (from 10.2 to 7.6 cal kyr BP) is characterized by a gradual 
increasing trend towards higher εNd values. During the mid to late 
Holocene, εNd values display a narrow range (from − 6.9 ± 0.2 to − 5.9 
± 0.3) with slight variations. 

For core MD01–2393, located in the southwestern SCS, foraminiferal 
εNd values range from − 8.1 ± 0.2 to − 7.2 ± 0.2 over the last 25 kyr, 
values that are significantly less radiogenic than those of core 
MD18–3569 (mean value of − 7.7 ± 0.2, n = 56 for core MD01–2393 vs 
mean value of − 6.6 ± 0.2, n = 49 for core MD18–3569) (Fig. 2e). In 
general, the Nd isotopes are slightly less radiogenic during the deglacial 
period (between − 8.1 ± 0.2 and − 8.0 ± 0.2) than during the last glacial 
(between − 7.5 ± 0.2 and − 7.7 ± 0.2) and Holocene (between − 7.2 ±
0.2 and − 7.7 ± 0.2) periods. 

5. Discussion 

5.1. εNd values of foraminifera in the SCS: local detrital signal 

εNd values of planktonic foraminifera are shown to record the Nd 
isotope composition of bottom and/or porewater rather than the 
ambient seawater at calcification depth (Pomie’s et al., 2002; Tachikawa 
et al., 2014; Yu et al., 2018; Abbott et al., 2019). This is due to the 
presence of authigenic Fe–Mn oxides and hydroxides precipitated onto 
the carbonate shells (Roberts et al., 2010; Piotrowski et al., 2012). These 
coatings cannot be easily eliminated by oxidative/reductive cleaning 
procedures (Roberts et al., 2012; Kraft et al., 2013; Wu et al., 2015b). 
Therefore, εNd values measured on mixed planktonic foraminifera can 
be used as a tracer for reconstructing past deep-water circulations even if 
the possibility of pore water Nd influence should be keep in mind for 
some regions (Tachikawa et al., 2014). Previous core-top εNd records of 
planktonic foraminifera collected in the northern SCS are identical to 
modern seawater εNd values at deep depth (e.g. for core MD05–2904) 
(Wu et al., 2017), which suggests that εNd values obtained on fossil 
planktonic foraminifera record the deep-water Nd isotope signature of 
the PDW flowing into the SCS. 

εNd values for uncleaned planktonic foraminifera collected from 
cores over an extensive area in the north-western Pacific suggest that 
there is no major change in Holocene and LGM εNd values (Hu et al., 
2016), which indicates that εNd values of NPDW show no significant 
difference between the last glacial and the Holocene (between − 1.6 ±
0.1 and − 3.1 ± 0.1). Core MD01–2385 (0.22◦S, 134.24◦E, 2602 m 
water depth), located on the pathway of UCDW (Upper Circumpolar 
Deep Water) entering the southern Philippine Sea, is characterized by 
radiogenic εNd values of between − 2.9 and − 1.9 which remained 
relatively constant over the last 30 kyr (Wu et al., 2017). In addition, 
given that the Luzon Strait is very wide and characterized by a depth of 

Fig. 2. Age- G. ruber δ18O plots for core MD18–3569 (a) and core MD01–2393 
(c) respectively. The red triangles represent AMS 14C age dating points (Liu 
et al., 2005; Chen et al., 2021); The sedimentation rate for core MD18–3569 (b) 
and core MD01–2393(d); (e) εNd of mixed planktonic foraminifera obtained 
from cores MD18–3569 and MD01–2393; εNd of organic material and 
carbonate-free fraction of sediment from cores MD18–3569 (this study) and 
MD01–2393 (Liu et al., 2005). The terms YD (~12.8 to 11.7 kyr BP) and HS1 
(~18 to 14.7 kyr BP) corresponds to periods of the Younger Dryas and Heinrich 
Stadial 1 events, respectively. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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around 2400 m, glacial-interglacial changes of the sea level (~120 m) 
cannot significantly modify water masses exchange and then Nd flux 
between the Philippine Sea and the SCS. This implies that the εNd re
cords in the northern SCS cannot be explained by a temporal change in 
the Nd isotopes and/or the Nd flux of the deep-water which has been 
flowing into the SCS since the last glacial period. 

The foraminiferal εNd values of the core-tops from MD18–3569 
(1320 m) and MD01–2393 (1230 m) are − 6.0 ± 0.2 and − 7.3 ± 0.2 
respectively. Such values are 2–3 εNd units less radiogenic than modern 
NPIW or PDW flowing through the Luzon Strait (− 3.4 ~ − 4.2; Wu et al., 
2022). Similar negative εNd values have been observed previously on 
foraminifera from core top MD05–2901 (εNd = − 7.2 ± 0.2; 14.28◦N, 
110.74◦E, 1454 m water depth) and MD05–2899 (εNd = − 6.2 ± 0.4; 
13.79◦N, 112.19◦E, 2393 m water depth), which are located in between 
the two sites studied here (Wu et al., 2015b). Core MD18–3569 is 
located close to Taiwan canyon characterized by frequent turbidity 
currents such as for the Gaoping canyon (Zhang et al., 2018). The 
southern margin of Taiwan is also associated with strong deep-sea cur
rents and the presence of abundant benthic and intermediate nepheloid 
layers (Huang et al., 2023). This core is then presumed to receive more 
lithogenic discharge from Taiwanese rivers than core MD05–2904 in the 
northern SCS. Consequently, the core-top foraminiferal εNd could be 
greatly modified by unradiogenic terrigenous fractions. εNd values of 
the deep-water mass are considerably modified during its pathway along 
the margin of southern China by seawater exchange with unradiogenic 
sediments (− 9 ~ − 13.5, Wei et al., 2012, Liu et al., 2016) delivered by 
large rivers (e.g., Pearl River, Red River and Mekong River). This results 
in core-top εNd values in core MD01–2393 in the southern SCS that are 
less radiogenic than those in core MD18–3569 in the northern SCS 
(Fig. 2). This confirms that sediments discharge from continents plays an 
important role in past dissolved εNd values of bottom waters in the SCS 
(Wu et al., 2017). However, unfortunately, dissolved εNd of seawater 
just above the sediment interface of both studied sites and more 
generally in the southern SCS are not yet available. We cannot distin
guish whether the foraminiferal εNd imprint only the Nd isotopic 
signature of the seawater and/or significant affected by benthic fluxes. 
Consequently, benthic flux as well as seawater exchange with particles 
in the water column could be responsible to the negative offset observed 
between foraminiferal εNd and the Nd isotopic composition of the PDW 
with entrance in the SCS through the Luzon Strait. On the basis of Sr and 
Nd isotopic compositions obtained from the detrital fraction, it has been 
shown that, over the last 25 cal kyr BP, the main sedimentary source of 
core MD01–2393 has been the Mekong River (Liu et al., 2005). In 
addition, the input of Mekong River sediment to the southern SCS has 
recently been confirmed from clay mineralogy and Sr - Nd isotopic 
compositions obtained from core MD05–2896 collected at greater water 
depth in the deep-basin of the southern SCS (Fig. 1b) (Sang et al., 2022). 
Core MD18–3569 mainly derived from southern Taiwanese rivers and 
may have been transferred to the studied site through deep-sea canyons 
such as the Gaoping Canyon. The εNd values of the detrital fraction of 
both cores exhibit a narrow range from − 11.1 to − 11.7 for core MD 
01–2393 and − 11.1 to − 10.4 for core MD18–3569, respectively 
(Fig. 2e). They are similar to εNd of the sediments at river mouth (~ −
11.2 for Mekong River, Liu et al., 2005; − 12.7 ~ − 11.5 for Taiwanese 
rivers, Wei et al., 2012). Consequently, detrital sediments deposited in 
each of the studied cores have derived from a unique and constant 
sedimentary source over the last 30 kyr. 

The large variations of up to 1.5 εNd units in the seawater εNd re
cords cannot be linked to any changes in the εNd of the detrital fraction 
which has remained quasi constant during the last 25 cal kyr BP for both 
studied cores. In addition, we can hypothesize that if there is a benthic 
flux influence, it should be characterized by a Nd isotopic composition 
close to that of the detrital fraction of both cores. It also seems reason
able to exclude a major impact of diagenesis processes on foraminiferal 
εNd variations of the two studied sites. We are aware that detrital 
fraction is heterogeneous and it is possible that εNd values of residual 

detrital fraction do not represent the values of labile detrital phases that 
may affect pore Nd isotopic signature (Blaser et al., 2016). Considering 
this difficulty, we argue our two hypotheses based on the following 
reasons. Cores MD12–2393 and MD18–3569 show similar trends of εNd 
variations at 20–18 cal ka BP with a decrease of the εNd and at 10–8 cal 
ka BP with an increase of the εNd. εNd records display several millennial 
variations at the same time for cores MD12–2393 and MD18–3569 after 
7 cal ka BP (Fig. 2). In the northern SCS, foraminiferal εNd of core 
MD18–3569 presents similar pattern of variations with cores 
MD05–2904 and SO17940–2 suggesting a regional signal of the εNd 
variations and not a local one. All these cores derive from different river 
systems (Pearl River, Mekong River and Gaoping River), are character
ized by different sedimentation rates and different marine environ
ments. The diagenesis of the sediments in all these cores cannot 
therefore be associated with a similar diagenesis process that evolves 
over time with the same chronology. We can conclude that changes in 
the seawater εNd record cannot be attributed only to a modification of 
the sedimentary source or of effect of diagenesis and should be attrib
uted to changes in the flux of sediments and/or in the mineralogy of 
sediment transported to the deep-sea margin since the last glacial 
period. 

5.2. Constraints on the variations in foraminiferal εNd values in the 
southern SCS 

For core MD01–2393, the deglacial period (18–12 cal kyr BP) is 
associated with the most negative εNd values, while the last glacial 
period and the Holocene are characterized by similar and higher 
radiogenic εNd values (Fig. 3b). Such variations for foraminiferal εNd 
values suggest an intensive modification of detrital sediment inputs from 
the Paleo-Mekong River and the Molengraaff River during the deglacial 
period (Fig. 1c). This modification can be related to the variations in 
sediment flux and the efficiency of exchange between detrital sediments 
and seawater. 

5.2.1. Flux of sediment discharges 
It has been shown that dissolved εNd of marginal seas of large river 

systems, such as the Ganges-Brahmaputra Rivers, could be modified by 
lithogenic Nd inputs from both freshwater and sediment discharges from 
rivers >1000 km away from the river mouth and to a depth of >2000 m 
(Yu et al., 2017a; Yu et al., 2017b). Seasonal changes in the seawater 
εNd of the Bay of Bengal have also been observed and have been linked 
to Indian monsoon and subsequent seasonal variations in the Ganges- 
Brahmaputra River inputs (Yu et al., 2017b). Such previous studies 
highlight a very rapid exchange of Nd between riverine particles and 
seawater and indicate that it is possible for the ocean to be modified at 
the scale of a season through a modification of terrigenous river fluxes. 
Taking into account the huge sediment discharge of the Asian rivers to 
the southern SCS, we can reasonably suggest that lithogenic Nd inputs 
from these major Asian river systems must have modified the glacial 
seawater εNd of the southern SCS. 

The δ18O of the surface seawater (δ18Osw) established from core 
MD01–2393 after corrections of local sea surface temperature based on 
alkenone thermometer and global ice-sheet volume variations record 
the local freshwater budget from the Mekong River (Colin et al., 2010). 
The relatively low δ18Ow values during the LGM and deglacial period 
have been linked to a decrease in sea surface salinity and a great influ
ence of freshwater discharge from the Mekong River (Fig. 3f; Colin et al., 
2010). During low sea-level of the last glacial period (around − 120 m 
below the present-day level; Lambeck et al., 2014), the paleo- 
Molengraaff River was exposed on the Sunda shelf (Steinke et al., 
2006; Hanebuth et al., 2011) while the Paleo-Mekong River mouth 
shifted seaward and was only 100 km away from core MD01–2393 (Liu 
et al., 2005) (Fig. 1c, 3a). In this land-sea configuration, the studied site 
would have been more sensitive to freshwater river discharge which 
would also have induced a general decrease in the sea surface salinity. 
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The emersion of the continental shelves led to large inputs of terrigenous 
sediment from the Mekong River basin and of reworked shelf sediments 
to core MD01–2393. This induced higher sedimentation rates during the 
LGM (mean value of 55.4 cm/kyr) than during the Holocene (mean 
value of 19 cm/kyr) for core MD01–2393. Such changes in sedimenta
tion rates have also been observed in most cores from the south-western 
SCS where sedimentation rates during the last glacial period (average 
sedimentation rate > 70 cm/kyr) are higher than those of the Holocene 
(average sedimentation rate of ~12 cm/kyr) (Wong et al., 2003). 

However, greater lithogenic Nd inputs from rivers which are char
acterized by unradiogenic Nd isotopic composition during glacial low 
sea-level stand are not associated with more negative seawater εNd 
values at the studied site than the Holocene, in which there is less 
detrital discharge from Mekong River during high sea-level stand 
(Fig. 3b). On the contrary, foraminiferal εNd of the LGM and the late 
Holocene are similar. This suggests that variations in the intensity of 
freshwater and sediment discharges from the Paleo-Mekong River are 
not the main reason for past changes in foraminiferal εNd off the mouth 
of the Mekong River, at least during the last 25 cal kyr BP. 

5.2.2. Intensity of sediment weathering 
In Fig. 3, the foraminiferal εNd record has been compared with the 

mineralogical compositions of sediments delivered from the Mekong 
River basin to core MD01–2393 over the last 25 kyr (Liu et al., 2005; 
Colin et al., 2010). The decrease in foraminiferal εNd between 18 and 
12 cal kyr BP is associated with an increase in the illite chemistry index 

(illite 5/10 Å), the kaolinite/illite ratio and the smectite/(illite+
chlorite) ratio. 

An increase in the kaolinite/illite and smectite/(illite+chlorite) 
mineralogical ratios indicates a decrease in the relative proportion of 
primary minerals (such as illite and chlorite) deriving from physical 
erosion of the eastern Tibetan Plateau, and a relative increase in sec
ondary minerals (such as smectite and kaolinite) deriving from plain 
soils of the Mekong River basin where intensive chemical weathering 
takes place (Liu et al., 2004). Such clay mineralogical ratios reflect the 
history of chemical weathering versus physical erosion on the eastern 
Tibetan Plateau and in the Mekong River Basin. The illite chemistry 
index calculated by the ratio of 5 Å and 10 Å illite peak areas in XRD 
diagrams (Esquevin, 1969) can also be used as an indicator of the in
tensity of chemical weathering of illite in southern Chinese river sedi
ments (Liu et al., 2007). Higher ratios are found in Al-rich illites 
(muscovites), which are released following strong hydrolysis; when Mg 
and Fe substitute Al in the crystal lattice of illite under strong physical 
erosion, ratios decrease accordingly and thus represent Fe–Mg rich il
lites (biotites) (Liu et al., 2012; Rainer et al., 1996). Consequently, a 
higher illite chemistry index is associated with stronger hydrolysis 
conditions on land, whereas lower illite chemistry index is associated 
with dominant physical erosion. 

The illite chemistry index (Fig. 3c) and the kaolinite/illite ratio 
(Fig. 3d) of core MD01–2393 increase at around 18 cal kyr BP, sug
gesting a strengthening of chemical weathering in the Mekong River 
basin at 18 cal kyr BP (Liu et al., 2004; Sang et al., 2022). Foraminiferal 
εNd records display a decrease in values at 18 cal kyr BP coeval with the 
increase in the chemical weathering state of sediments delivered effi
ciently to the margin by the Paleo-Mekong River. By contrast, higher 
foraminiferal εNd values are found during the LGM when the Paleo- 
Mekong River discharge was high but characterized by sediment in
puts resulting from strong physical erosion of the highlands of the 
eastern Tibetan Plateau (high relative proportion of illite and chlorite). 
During the Holocene, a decrease in chemical weathering intensity, as 
well as a drop in freshwater discharge to the studied site, corresponds to 
relatively radiogenic values. We can thus suggest that mineral weath
ering of pedogenic minerals (e.g., smectite, kaolinite, iron oxides and 
other pedogenic minerals) in the Mekong River basin might play a major 
role in the Nd exchange between particulates and seawater. This is 
supported by the recent finding that a greater state of weathering of 
sedimentary rock might promote the reactivity of REE exchange be
tween detrital sediments and seawater (Larkin et al., 2021; Huang et al., 
2023). 

The sea surface hydrology in the SCS and chemical weathering var
iations on land are both greatly influenced by the East Asian Summer 
Monsoon (EASM) (Steinke et al., 2006; Huang et al., 2018; Yin et al., 
2021; Liu et al., 2007). It has been reported that the stronger chemical 
weathering and lower δ18Ow in core MD01–2393 since 18 cal kyr BP are 
related to increasing EASM rainfall in the Mekong River basin (Colin 
et al., 2010; Jiwarungrueangkul and Liu, 2021). Long-term variations in 
weathering intensity and foraminiferal εNd co-vary with the insolation 
curve received by the earth at 10◦N of latitude, which is the main control 
on past EASM intensity in the studied area. 

Overall, the εNd values in the southern core are linked to the state of 
hydrolysis of minerals from the Mekong River catchment input to the 
SCS mainly controlled by the EASM rainfall intensity changes and by re- 
routing of sediments transported from land due to sea-level changes. 

5.3. Variations of εNd values in the northern SCS 

The foraminiferal εNd records in core MD18–3569 display relatively 
stable and similar εNd values during last the glacial and late Holocene 
periods, as was also observed in the southern SCS core MD01–2393. 
However, core MD18–3569 features a continuous increase of εNd from 
18 to 12 cal kyr BP, reaching a maximum of − 5.8 ± 0.2 at around 12 cal 
kyr BP (Fig. 4a). This evolution of foraminiferal εNd contrasts with the 

Fig. 3. Sea-level changes and geochemistry and clay mineral records of core 
MD01–2393 for the last 25 kyrs. (a) Eustasy and sea-level curve for the Sunda 
Shelf (Hanebuth et al., 2009); (b) foraminferal εNd (this study); (c) illite 
chemistry index (Colin et al., 2010); (d) kaolinite/ illite ratio (Colin et al., 
2010); (e) smectite/(illite+chlorite) ratio (Colin et al., 2010); (f) δ18Ow record 
(Colin et al., 2010). The blue curves shown in figures c, d, e are the Summer 
insolation curves at 10◦N during June–July. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Y. Huang et al.                                                                                                                                                                                                                                  



Chemical Geology 648 (2024) 121954

8

foraminiferal εNd record obtained in the southern SCS where the time 
interval between 18 and 12 cal kyr BP is associated with unradiogenic 
εNd values. 

Two decreases in the εNd values are recognized between 20 and 18 
cal kyr BP and between 12 and 10 cal kyr BP, respectively. These de
creases have been already observed in cores SO17940–2 and 
MD05–2904 (Huang et al., 2014; Wu et al., 2017). It has already been 
proposed that such shifts to more negative εNd values in the northern 
SCS are not induced by a higher proportion of southern source waters, 
which are characterized in the southern Ocean by negative values (εNd 
values of the Circumpolar Deep Water range from − 9 to − 8; Carter et al., 
2012, Amakawa et al., 2013), but are instead associated with a greater 
influence of terrigenous discharge from Asian rivers (Wu et al., 2017). 
However, in core MD18–3569, the relatively stable Nd isotope compo
sitions (− 6.7 ± 0.2 ~ − 6.3 ± 0.2) during the 30–20 cal kyr BP interval 
are not compatible with the most negative values (− 7.3 ± 0.2) recog
nized at 10.2 cal kyr BP. This implies that the modification of Nd isotope 
compositions is less pronounced even though the distance to a river 
mouth is shorter at low-sea-level stand. Glacial sediments of core 
MD18–3569 are characterized by content of primary minerals such as 
illite and chlorite resulting from physical erosion, and which are thus 
less efficient in modifying the dissolved εNd values, as in the southern 
core. The sharp drop in εNd values during the 12–10 kyr BP interval may 
correspond to an increase in sediment discharge from Taiwanese rivers 
under more intense chemical weathering conditions caused by strong 
EASM rainfall and a rapid rise of sea-level (Hanebuth et al., 2000; Hsieh 
et al., 2006). 

However, the increase in the input of detrital materials experiencing 
higher chemical weathering and/or physical erosions fails to explain the 

continuous increase in εNd values in the northern core during the 18–12 
cal kyr interval. Considering that core MD18–3569 is located in the 
pathway of the intermediate water inflows from the Pacific Ocean, we 
can reasonably hypothesize that the εNd tendency towards radiogenic 
values during the deglacial period mainly resulted from a change in 
water masses from the Pacific Ocean or from hydrological changes 
within the SCS. 

5.4. Past hydrological implications of the SCS 

Considering different time resolutions of the foraminiferal εNd re
cords and potential problems of age model, core MD18–3569 (1320 m 
water depth) shares similar temporal variations (from 18 to 12 kyr) of 
εNd values with cores MD05–2904 (2066 m) and SO17940 (1727 m) 
located in the northern SCS (Fig. 1b, Fig. 5a, Wu et al., 2017, Huang 
et al., 2014), which indicates that the three core sites, at different water 
depths, have recorded a regional signal with some offset between fora
miniferal εNd records during the last deglaciation. 

A slowdown of circulation within the SCS could be associated with 
an increase in residence time of deep-water masses in the SCS, which in 

Fig. 4. (a) εNd records of mixed planktonic foraminifera species in core 
MD18–3569 (green line) and core MD01–2393 (orange line); (b) sea surface 
salinity (SSS) in core MD18–3569 (green line, Chen et al., 2021) and δ18Ow 
record obtained on core MD01–2393 (orange line, Colin et al., 2010), summer 
insolation curve at 10◦N of latitude during June–July (blue line); (c) Dongge 
cave stalagmite δ18O curve (Dykoski et al.,2005). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 5. (a) εNd records of mixed planktonic foraminifera species and leachate 
in the Philippine Sea (MD01–2395, purple line; Wu et al., 2017) and northern 
SCS (MD18–3569, green line, this study; MD05–2904, blue line, Wu et al.,2017; 
SO17940–2, yellow line, Huang et al., 2014), the red square represents the 
modern range of seawater εNd; (b) Temporal changes in mean sortable silt 
proxy of sediments in core MD05–2905 and ODP Site 1144 showing changes in 
stratification conditions in the deep South China Sea (Zhao et al., 2023); (c) 
gradients of deep water [CO3

2− ] (blue line) and δ13C (red line) between the 
Pacific and the SCS (Wan et al.,2020). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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turn could result in a longer contact time between the deep-water masses 
(εNd = ~ − 4) and unradiogenic sediments (εNd = ~ − 12, Wei et al., 
2012) along the western continental margin of the SCS. In such a sce
nario, seawater εNd of deep-water of the SCS could also be related to the 
degree of ventilation of deep-water within the SCS. The increasing trend 
during the deglacial period in all the northern cores indicates a short 
contact time between water masses and unradiogenic sediments, and 
thus a strong ventilation rate in the northern SCS. This strong ventilation 
and short residence time of deep-water is supported by a recent study 
which finds increasing gradients of deep water [CO3 

2− ] and δ13C be
tween the Pacific Ocean and the SCS during the deglacial period (from 
18 and 13 cal kyr BP) (Fig. 5c, Wan et al., 2020). 

The increasing ventilation during this time is interpreted as being 
associated with a newly formed NPIW in the subarctic Pacific Ocean 
beginning at about 18 cal kyr BP (Okazaki et al., 2010, Wan and Jian, 
2014, Gong et al., 2019). The strengthening of deep currents, deduced 
on the basis on magnetic properties and sortable silt proxy of sediments 
in the northern SCS, occurred first at intermediate depth (18.8 cal kyr 
BP) and then at deep depth (17.2 cal kyr BP) of the northern SCS (Zheng 
et al., 2016; Zhao et al., 2023). This is also well recorded by our fora
miniferal εNd results: the onset towards radiogenic values begins earlier 
at a shallower depth in core MD18–3569 (1320 m) and later in core 
MD05–2904 (2066 m). This intrusion was prevented at the end of 
Younger Dryas by the opening of Bering Strait (Zheng et al., 2016) and it 
also marked the end of the increasing trend of εNd values in core 
MD18–3569. 

Differences in the radiocarbon dating of coexisting benthic and 
planktonic foraminifera shells (B–P age) in cores of the southern and 
northern SCS have been established to record the ventilation age of 
water masses in the SCS (Fig. 6c; Wan et al., 2014). When combined with 
the past seawater εNd gradients (ΔεNd) of the two cores in this study 
(Fig. 6b), we are able to reconstruct the hydrology within the SCS. 
Indeed, cores MD01–2393 and MD18–3569 are located on similar water 
mass flowing counter-clockwise in the SCS. Southern core MD01–2393 
is strongly influenced by Nd lithogenic inputs from the Mekong Basin 
and lithogenic inputs to the water mass as it circulates along the western 
margin of the SCS (Huang et al., 2023). Core MD18–3569 is influenced 
by the direct influx of PDW from the Philippine Sea, which mixes with 
more unradiogenic water from the southern SCS via an inter-basin 
recirculation. During the deglacial period, the young NPIW intrusion 
is characterized by low B–P age (Wan et al., 2014) and radiogenic εNd 
values in the northern core, but is not recorded by the southern core 
(MD01–2393) which is characterized by a high B–P age and unradio
genic εNd values. This results in an increasing ΔεNd, which in turn in
dicates a weak exchange between the north and south of the SCS during 
this time interval. The ΔεNd values decrease during the 12–8 cal kyr BP 
interval as a result of a decrease in the intrusion of the young NPIW 
intrusion as well as intensive vertical mixing and advection in the 
southern SCS inducing unradiogenic εNd signature in both cores (Wan 
et al., 2014). 

During the late Holocene period, the εNd records of both cores 
MD18–3569 and MD01–2393 show similar variations of εNd value. It 
has been proposed that sea level was rising up to − 40 m in late Holocene 
(Fig. 3a), a critical height to re-open the Karimata Strait to the shallow 
current throughflow (depth of 40 m) and enhancing deep circulation in 
the SCS (Zheng et al., 2016). The quick turnover within the SCS may 
facilitate the co-variations of εNd values on the northern and southern 
SCS along the western margin. This suggests that the SCS has been well 
mixed with a high ventilation rate since 8 cal kyr BP, as is evident in 
modern time. 

6. Conclusions 

In this study, we have investigated εNd values on the carbonate free- 
fraction and mixed planktonic foraminifera samples of cores located in 
the southwestern (core MD01–2393) and northeastern (core 

MD18–3569) SCS to establish the potential influence of water masses 
from the Pacific Ocean and lithogenic inputs to intermediate-water of 
the SCS during the last 25 kyr. We conclude that:  

1. The offset between εNd of the NPIW (− 4), which enters the SCS 
through the Luzon Strait, and foraminiferal εNd obtained from cores 
MD18–3569 (from − 7.3 ± 0.2 to − 5.8 ± 0.2) and MD01–2393 (from 
− 8.1 ± 0.2 to − 7.2 ± 0.2), results from unradiogenic Nd lithogenic 
inputs by large Asian rivers. Foraminiferal εNd variations are not 
associated with any changes in the sedimentary sources which 
remain the Mekong River basin for core MD01–2393 and SW Taiwan 
rivers for core MD18–3569. Glacial periods, which are characterized 
by higher sedimentation rates, are not associated with more unra
diogenic Nd signatures. The negative offset of 2 to 3 epsilon units 
between seawater εNd and foraminiferal samples taken at the top of 
the two cores are associated with the existence of a benthic flux and 
an exchange of seawater with detrital particles. The existence of 
similar εNd variations in other cores from the northern SCS leads to 
the conclusion that benthic fluxes cannot alone explain all the vari
ability observed in our cores.  

2. Variations in the foraminiferal εNd record of core MD01–2393 are 
coeval with those of the Sea Surface Salinity (δ18Osw) and proxies of 
the state of chemical weathering of river sediments delivered to the 
SCS (illite chemical index and kaolinite/illite ratio). During glacial 
times, the site witnessed large terrigenous fluxes of poorly altered 
minerals resulting from pronounced physical erosion of the highland 
of the Mekong River basin; these fluxes are not associated with more 

Fig. 6. (a) εNd records of mixed planktonic foraminifera species in cores 
MD18–3569 (green line) and MD01–2393 (orange line); (b) the ΔεNd values 
from the difference of two εNd curves (MD18–3569 and MD01–2393); (c) The 
B–P ages of the northern (MD05–2904 and SO50-37KL, green diamonds) and 
southern (MD05–2896 and V35–6, orange diamonds) SCS (Wan et al., 2014). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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unradiogenic seawater εNd values. On the contrary, foraminiferal 
εNd displays significantly unradiogenic values during the time in
terval from 18 to 8 cal kyr BP which are associated with intensifi
cation of monsoon rainfall and river input of detrital material 
characterized by strongly altered minerals (high illite chemical index 
and kaolinite/illite ratio) deriving from tropical plain soils of the 
Mekong River basin. This suggests that the modification of dissolved 
εNd values depends mostly on the inputs of pedogenic minerals (e.g., 
smectite, kaolinite, iron oxides and other pedogenic minerals) 
resulting from more intense chemical weathering of the plain soils 
and thus related to the variations in EASM intensity.  

3. Core MD18–3569, located in the northern SCS, displays similar 
variations to core MD01–2393 with the exception of a decoupled 
evolution of εNd during the period between 18 and 12 cal kyr BP. 
During this period, an increasing long term change (from − 7.1 ± 0.2 
to − 5.8 ± 0.2) is identified in core MD18–3569: this change is 
interpreted as being linked to the intensification of the intrusion of 
the newly formed glacial NPIW into the SCS. The differences in εNd 
values between both cores, combined with Δ14C, imply that circu
lation was relatively sluggish, with reduced water exchange between 
the North and South SCS during this time interval. 
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Szczuciński, W., Kim, J.-H., Nam, S.-I., 2020. Neodymium isotope constraints on 
chemical weathering and past glacial activity in Svalbard. Earth Planet. Sci. Lett. 
542, 116319. 
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