
1.  Introduction
While continental margins and marginal seas account for only ∼10%–20% of the global ocean area, many are 
located in highly dynamic regions in which elevated physical erosion, chemical weathering, and organic carbon 
burial play a major role in the global carbon cycle (Wan et al., 2009). Moreover, continental margins are char-
acterized by rapid sediment accumulation, such that high-resolution records of past weathering and erosion can 
potentially be obtained by deciphering the geochemical and mineralogical signatures within these sedimentary 

Abstract  Tropical marginal seas host important sedimentary archives that may be exploited to reveal past 
changes in continental erosion, chemical weathering, and ocean dynamics. However, these records can be 
challenging to interpret due to the complex interactions between climate and particulate transport across ocean 
margins. For the southern South China Sea over the last 90 Kyr, we observe a contrasting temporal relationship 
between the deposition of clay minerals and magnetic minerals, which were associated with two different 
hydrodynamic modes. Fine-grained clay minerals can be carried in suspension by ocean currents, leading to a 
rapid response to regional climate-driven inputs. In contrast, changes in magnetic mineralogy were linked to 
glacial-interglacial sea level variability, from which we infer a control by bedload transport and resuspension. 
Overall, this study indicates that the transfer pathways and mechanisms imparted by varying hydrodynamic 
conditions exert a substantial influence on the distribution of terrigenous material in continental margin 
sediments.

Plain Language Summary  Sediments that accumulate in the ocean along continental margins 
contain the minerals that were eroded and transported by rivers on the nearby land masses. Past changes in 
the composition of such sediments can be used to reconstruct the history of physical erosion and chemical 
weathering on the continents, but can also be affected by ocean dynamics over orbital and millennial timescales. 
Here, clay mineralogy, sediment grain size, and rock magnetic signatures are measured in a core from the 
continental slope of the southern South China Sea, spanning the last 90 thousand years. Differences between 
the clay mineral and magnetic records, which are linked to finer and coarser sediment fractions respectively, 
indicate that specific mechanisms and timescales influenced sediment transport to the core site. This 
depositional framework must be considered when interpreting the timing of changes in weathering and erosion 
proxies hosted in sediment records from marginal seas. Specifically, fine-grained clay minerals may reveal a 
rapid response to continental weathering changes, whereas the magnetic records are influenced by the transport 
of denser coarser-grained minerals under the influence of sea level change. In addition, this framework could 
potentially serve as an indicator of past sea level change on wide continental shelves.
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Key Points:
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clay mineralogy responds rapidly to 
climate-driven changes in inputs on 
orbital timescales

•	 �Magnetic content within the coarser 
and denser fraction is influenced by 
sea level change, through bedload and 
resuspension transport

•	 �This depositional framework may 
serve as a guideline for evaluating 
sea level change on wide continental 
shelves over orbital timescales
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successions. Hence, these regions are of great strategic value for research into continent-ocean interactions and 
paleoclimate variations over millennial and orbital timescales (Wan et al., 2017; Xu et al., 2021). However, a de-
tailed understanding of the controls on sediment transport, deposition, and burial in these complex environments 
is a prerequisite for interpreting these sedimentary records and recognizing their implications for the global car-
bon cycle (Wan et al., 2012; Xu et al., 2018).

Due to their physico-chemical properties, such as surface area and cation exchange capacity, terrestrial minerals 
play a crucial role in governing the amount and type of organic matter ultimately preserved in ocean sediments 
(Blattmann et al., 2019). Moreover, particle resuspension and lateral advection of sediment within nepheloid lay-
ers (Oliveira et al., 2002; Quaresma et al., 2007) may generate disparities in the spatial distribution of terrestrial 
minerals with differing grain size associations due to hydrodynamic sorting (Ohkouchi et al., 2002; Thomsen 
& Gust, 2000). Therefore, in the Chinese marginal seas, terrigenous organic carbon transport, distribution, and 
preservation are largely determined by hydrodynamic sorting processes (Bao et al., 2018). However, the impact of 
these processes on interpretations of paleoclimate and weathering signals documented in sediment records from 
the marginal seas has received less attention and is less well understood.

Climate fluctuations during Quaternary glacial-interglacial cycles have significantly influenced the flux and 
composition of terrigenous sediment supplied to continental shelves, slopes, and deep sea basins, modulated both 
by changes in precipitation and runoff and by sea level fluctuations (Griffiths et al., 2009; Steinke et al., 2008). 
For example, studies based on clay mineralogy and sediment geochemistry in the tropical marginal seas (e.g., 
Arabian Sea, Bay of Bengal, and South China Sea) have revealed increases in terrigenous detrital input, organic 
carbon burial, and marine productivity during glacial periods, which were linked to the exposure of continental 
shelves (Xu et al., 2020, 2021). Because of the association of different terrigenous minerals with different sed-
imentary grain size fractions (Bao et al., 2019), definitive evidence to test such a sea level hypothesis could be 
obtained through targeted mineralogical investigations which would enable attribution to hydrodynamic sorting.

The southern South China Sea (SCS), together with the wide Sunda Shelf, is suitable for exploring the effects 
of sea level change on terrigenous sediment input (Text S1 in Supporting Information S1) because this region 
receives large fluvial sediment fluxes and has been dramatically influenced by sea level rise during the de-
glacial and early Holocene periods (Figure 1; Hanebuth & Stattegger, 2004; Hanebuth et al., 2002; Milliman 
et al., 1999). Here, we compare grain size, clay mineralogy, and magnetic mineralogy records from the southern 
SCS over the last 90 Kyr in order to assess the prevalence and nature of hydrodynamic sorting influences on the 
sedimentary archive. Our findings underscore an important link between regional hydrodynamics and the depo-
sitional patterns of weathering and erosion indicators in the marginal seas.

2.  Materials and Methods
2.1.  Materials

The studied sediment core HYIV2015-B9 (hereafter referred to as B9; 10.2484°N, 112.7325°E; 2,603 m water 
depth) was retrieved from the northern slope of Nasha Terrace in the southern SCS (Figure 1 and Figure S1 in 
Supporting Information S1) during cruise HYIV20150816 of R/V Haiyang IV in 2015. The core is 4.25 m long 
and is dominated by homogenous dark gray clay without visible bioturbation. The age model for core B9 was 
constrained by 9 AMS 14C dates of planktonic foraminifera in the upper part (<170 cm) (Li et al., 2018; Figures 
S2 and S3 in Supporting Information S1). The chronology for the deeper part was established in this study by 
correlating the benthic foraminiferal C. wuellerstorfi δ18O record to the LR04 benthic foraminiferal δ18O stack 
(Lisiecki & Raymo, 2005), supported by variations in the elemental Ca/Al ratios in core B9 where the benthic 
δ18O record was less well resolved (Figures S2 and S3; Text S2 in Supporting Information S1). Overall, the core 
provides a continuous sedimentary record extending from the Holocene back to late marine isotope stage (MIS) 
5 (∼90 ka BP), with sedimentation rates varying from 1.8 to 7.3 cm/Kyr (Text S2 in Supporting Information S1).

2.2.  Methods

For foraminiferal oxygen isotope measurements, epifaunal benthic foraminifera Cibicidoides wuellerstorfi were 
picked from the >150 μm size fraction at 2–4 cm intervals, and δ18O values were measured on a Thermo Scien-
tific MAT 253 mass spectrometer, with calibration to the Pee Dee Belemnite standard. For elemental analysis, 
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approximately 2 g freeze-dried sediments were taken at 1–4 cm intervals and crushed into powder. Following di-
gestion in a mixture of HF and HNO3, major element abundances were determined using ICP-OES (IRIS Intrepid 
II XSP) following the methodology of Qi et al. (2000). The accuracy of this method, determined by analyzing 
standard reference materials (Chinese marine sediments GBW 07315 and GBW 07316, and U.S. Geological 
Survey basalt BHVO-2), is better than 3%.

A total of 225 samples were taken at 2 cm intervals to perform grain size, clay mineralogical composition, and 
rock magnetic analysis. The grain size distribution of the detrital fraction was measured using a Malvern Master-
sizer 3000G laser diffraction particle analyzer with a measurement range of 0.01–2,000 μm and 0.25 Φ interval 
resolution. Clay mineral studies were conducted on the <2 μm fraction of samples, following the removal of 
organic matter and carbonate by treating with hydrogen peroxide (15%) and acetic acid (25%). Clay mineral 
analysis was conducted by X-ray diffraction using a D8 ADVANCE diffractometer with CuKα (alpha) radiation 
(40 kV, 40 mA).

A series of environmental magnetism parameters were measured and calculated for the samples of core B9, 
including magnetic susceptibility (χ), anhysteretic remanent magnetization susceptibility (χARM), saturated 
isothermal remanent magnetization (SIRM), χARM/SIRM, hard (high-coercivity) saturated isothermal rema-
nent magnetization (HIRM300mT), and S-ratio. The HIRM300mT parameter, which is defined as HIRM300mT =  
(SIRM1.0T  +  IRM-300mT)/2, is used to distinguish the contributions of hematite and goethite from those of 
magnetite (Liu et al., 2007). The S-ratio (S-300mT), which is defined as the ratio of IRM-300mT to SIRM1.0T, is 
used to indicate the relative contributions of ferromagnetic minerals (e.g., magnetite and/or maghemite) and 
antiferromagnetic minerals (e.g., hematite and/or goethite) in bulk samples (King & Channell, 1991). Hystere-
sis loops, IRM acquisition curves, first-order reversal curves, and χ-T curves were also constructed for several 

Figure 1.  Geographic and bathymetric setting of the South China Sea. (a) Regional map showing the site of core B9 (red star) and, other referenced sites. Pink squares 
are for northern SCS sites (Kissel et al., 2020; Wei et al., 2007; Yang et al., 2016; S. Zhao et al., 2018), and yellow squares are for southern SCS sites (Colin et al., 2010; 
Huang et al., 2016; Jiwarungrueangkul et al., 2019; Kissel et al., 2020). The limits of the catchment basins of the Pearl, Red, and Mekong rivers are shown by white 
lines. Large pink arrows with numbers represent annual sediment fluxes from major local sources in Mt/yr, from Milliman and Farnsworth (2011). Distribution of the 
S-ratio in river sediments is illustrated with color coded circles, indicating magnetite versus hematite content (Kissel et al., 2016, 2017). Arrows indicate modern near-
surface Asian monsoon winds dominating during summer (EASM, orange) and winter (EAWM, blue). Dashed lines indicate paleo-river systems on the Sunda Shelf. 
(b) Three-dimensional bathymetric map for the area marked in the red box in panel (a), showing bathymetric contours of the southern South China Sea and the location 
of core B9. The topographic map was created by Surfer soft using ETOPO1 with 5 min precision. (c) Cross-section, following gray dashed line in panel (a), indicating 
locations of the paleo-North Sunda river mouth, the core site B9, and the approximate Last Glacial Maximum (LGM) sea level at ∼130 m below present.
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representative samples. Diffuse reflectance spectroscopy (DRS) was measured for all samples using a Cary 
5000 ultraviolet-visible-infrared spectrometer equipped with BaSO4 as the white standard, to provide a meas-
ure of the relative hematite and goethite abundance (Q. Zhang et al., 2018). Details of the above measurement 
procedures can be found in Text S3 in the Supporting Information.

3.  Results and Discussion
3.1.  Provenance Discrimination

The relative abundance of clay minerals in marine sediment records can provide information on the erosional 
sources in the hinterland and also on climate variability (Steinke et al., 2008). However, interpreting such re-
cords requires a detailed knowledge not only of the potential source areas but also of the sediment transport 
processes (Z. Liu et al., 2010; Wan, Li, et al., 2010). Since aeolian fluxes in the southern SCS are low (Z. Liu, 
Colin, et al., 2004), terrigenous sediments in this region are mainly delivered by the surrounding rivers, such as 
the Mekong River and rivers from Borneo, Sumatra, the Malay Peninsula, and Thailand (Huang et al., 2016; Z. 
Liu et al., 2016; Figures 1 and 2; see also Text S1). Most of the Sunda Shelf sediments were originally supplied 
by the Mekong River and northern Borneo rivers, as evidenced by the presence of glacial-aged incised valleys 
across the Sunda Shelf (Schimanski & Stattegger, 2005) and offshore of the modern Mekong River (Tjallingii 
et al., 2010; Figure 1).

In order to interpret sediment provenance in core B9, its clay mineral assemblages (Figure S4 in Supporting In-
formation S1) are compared to these potential riverine sources in a ternary diagram (Figure 2). In the absence of 
distinct overlap between these data and the Mekong River, northern Borneo, or other potential sources, it appears 
that a mixture of sources influenced the slope area of the Sunda Shelf. Specifically, the samples of core B9 likely 
record a mixture of proximal sediment sources from the Mekong River, northern Borneo, and the Sunda Shelf, 
with a minor contribution from more distal sources such as Luzon and Palawan islands (Figure 2). Interestingly, 

Figure 2.  Ternary diagram of clay mineral assemblages in core B9 and comparison to regional sources. Glacial and 
interglacial data from core B9 are shown with blue and red crosses, respectively. Potential sediment sources from surrounding 
rivers are plotted for comparison, including the Mekong River (Wan, Tian, et al., 2010) and Thailand (Chao Phraya) river 
systems in the Indochina Peninsula, river systems in Sumatra and the Malay Peninsula, river systems in western (W) and 
northern (N) Borneo (Q. S. Liu, Roberts, et al., 2007; Z. Liu, Colin, et al., 2007; Z. Liu et al., 2012, 2016), Luzon and 
South Palawan (Z. Liu et al., 2016), and the Sunda Shelf (Wan, Tian, et al., 2010). Pleistocene data from cores CG2 (Huang 
et al., 2016) and ODP 1143 (Wan et al., 2017) are also shown. The dotted lines indicate two end-member mixing between 
Mekong and Luzon/Palawan and between northern Borneo and Luzon/Palawan.
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the clay mineral assemblages in core B9 are more similar to those in core CG2 proximal to the Sunda Shelf 
(Huang et al., 2016), which is dominated by a Mekong River source, than they are to the clay data from nearby 
core ODP 1143 (Wan et al., 2017; Figure 2). Such differences from core ODP 1143 presumably reflect the slight-
ly different locations and bathymetry (Figure 1b), which enable a more direct supply from the Mekong River to 
core B9. In particular, core B9 is both closer to the Mekong source and persistently under the influence of ocean 
currents from the south, whereas core ODP 1143 is likely to be influenced by northeasterly currents during the 
winter monsoon (Figure S1 in Supporting Information S1). Overall, we consider the Mekong River and northern 
Borneo to be the main contributors of illite and chlorite to this region (Huang et al., 2021) and to represent the 
dominant source of clay minerals to core B9.

In addition, the magnetic fraction could provide complementary evidence for paleo-environmental reconstruc-
tions, based on present-day regional differences in the river-borne magnetic properties (Huang et al., 2021; Table 
S2 in Supporting Information S1). Low-to medium-coercivity (i.e., magnetically soft) minerals such as magnetite 
(Luzon, Taiwan, and Pearl River) and minor pyrrhotite contributions (Taiwan) dominate in the northern SCS 
(Figure 1a). In contrast, high-coercivity minerals such as hematite are ubiquitous in the Mekong River, Malay 
Peninsula, and northern Borneo and can therefore make a significant contribution to sedimentary deposits in the 
southern SCS (Figure 1a; Kissel et al., 2016, 2017). Comparing the magnetic data from core B9 (Figure S5 in 
Supporting Information S1) to the magnetic fractions of these river sources, it is clear that the magnetic param-
eters during both glacial and interglacial times show a signature consistent with Mekong River sources (Table 
S2 in Supporting Information S1). Given the significantly weaker magnetization of hematite than magnetite, the 
low S-ratios and high HIRM values indicate the presence of abundant hematite in core B9 (Figures S5f and S5g 
in Supporting Information S1).

Moreover, Torrent and Barron (2003) suggest that the wavelength band for hematite ranges between ∼535 and 
∼570 nm, according to multiple factors including the specific surface area of single hematite grains. Due to the 
influence of Al substitution on the hematite crystal lattice (Q. S. Liu et al., 2011), the wavelength band position 
has also been employed to distinguish the sources of hematite in surface aeolian samples (Q. S. Liu et al., 2015). 
In our study, the wavelength band fluctuates narrowly around 545 nm (Figure S5j in Supporting Information S1), 
which suggests a fairly constant provenance for the hematite inputs. Consistent magnetic properties across gla-
cial-interglacial cycles (Figure S6 in Supporting Information S1) also point to a relatively stable sediment prov-
enance. Consequently, differences between glacial and interglacial magnetic sediment composition in the SCS 
(Figure 3 and Figure S5 in Supporting Information S1) likely result mostly from major changes in the sediment 
transport pathway and efficiency rather than from changes in the source area (Kissel et al., 2020).

3.2.  Spatial and Temporal Heterogeneity of Depositional Processes

Our high-resolution record from core B9 on the southern margin of the SCS resolves climate signals over both 
orbital and sub-orbital timescales (Figure 3 and Figures S4–S5 in Supporting  Information S1). The smectite/
(illite + chlorite) ratio (Figure 3h) exhibits similar patterns to variations in core MD12-3434 from the northern 
SCS (S. Zhao et al., 2018; Figure 3e), which were controlled by the intensity of the East Asian summer monsoon 
(EASM; Cheng et al., 2016; Figure 3b). In the northern SCS, rapid increases in the smectite/(illite + chlorite) 
ratio (Figure 3e) suggest a fast response to strengthened EASM rainfall (Figure 3b), which varied coincident with 
both precessional-scale orbital forcing (Figure 3c) and millennial-scale Dansgaard-Oeschger and Bølling-Allerød 
interstadial climate variability (North Greenland Ice Core Project members, 2004; Figure 3a). Millennial-scale 
oscillations in clay mineralogy driven by the EASM intensity are also present in our southern SCS record, but 
cannot be so clearly resolved because of its lower sedimentation rate (Figure 3h), while this variability is super-
imposed on a clear precessional signal. In general, a 23 Kyr periodicity in the smectite/(illite + chlorite) ratio 
(Figure  3h) in phase with precession-driven insolation indicates that the response of clay mineralogy in the 
low-latitude SCS to the prevailing EASM arises rapidly, presumably mainly through changing chemical weather-
ing intensity (M. Li, Ouyang, et al., 2018; S. Zhao et al., 2018).

Based on the spatial and temporal distribution of magnetic mineralogy and grain size in the northern SCS (Figure 
S8 in Supporting Information S1), sediment is largely supplied to that region from Taiwan and the Pearl River, 
with a dominance of magnetite relative to hematite (Kissel et al., 2016, 2017). In core STD111 from the northern 
SCS, rock magnetic data (low S-ratio and high IRMAF80mT/SIRM) indicate the variable presence of some high-co-
ercivity minerals, such as hematite coeval with maghemite (Figures 3f and 3g), which were attributed to vigorous 
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Figure 3.
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chemical weathering (Yang et  al.,  2016). The deposition of these higher coercivity minerals coincided with 
oxygen isotope values for stalagmites (Cheng et al., 2016; Figure 3b) and sea surface temperature reconstruc-
tions (Wei et al., 2007; Figure 3d) that indicate a warm climate and strong EASM at times during the 40–90 Kyr 
interval, thereby suggesting a climate control on these inputs. Though there are some age model uncertainties in 
these northern SCS cores, high fluxes of magnetic particles, in particular hematite and maghemite, are generally 
coincident with a strong EASM (Figure S8 in Supporting Information S1).

Whereas the grain size of magnetite in the northern SCS cores was rather uniform over the last climatic cycle 
(Figures S8d–S8f in Supporting Information S1), it persistently fluctuated in the southern cores and was system-
atically coarser during glacial periods (and finer during interglacial periods) (Figure 3l and Figures S8g–S8j in 
Supporting Information S1). In the northern cores, a coarser magnetic grain size was also observed at the begin-
ning of MIS 3 between 60 and 40 Kyr (Figures S8d–S8f in Supporting Information S1), but that pattern may have 
resulted from diagenetic processes at the inception of MIS 3 (Kissel et al., 2020). Furthermore, the controls on 
magnetic grain size in the northern cores are not fully understood, given a range of possible controlling factors, 
including ocean circulation, sea level changes, and the East Asian Monsoon (Chen et al., 2017). However, con-
sidering clay mineral provenance in the northern SCS, if magnetite in the northern SCS region also originates 
mostly from Luzon and Taiwan (Kissel et al., 2017; Z. Liu et al., 2016), then sea level rise cannot account for the 
observed temporal changes due to the absence of a large continental shelf offshore of these two islands. As such, 
the magnetic records from the northern SCS likely reflect a climatic control on the inputs linked to the EASM 
through weathering processes, similar to the clay mineral records.

Since the new records from the southern SCS show different relationships between clay minerology and magnetic 
minerology to those from northern SCS (Figure 3 and Figure S8 in Supporting Information S1), we interpret them 
in terms of a common climate forcing on the inputs through orbital and millennial timescales, combined with di-
vergent local depositional processes that influence the recorded signals. To be specific, the hematite-rich intervals 
in core B9 (Figure 3i) are characterized by a coarse magnetic grain size in the southern SCS (Figure 3l and Figure 
S8j in Supporting Information S1), and are coincident with low hematite contents in the northern SCS (Figures 3f 
and 3g). Furthermore, the hematite content in core B9 shows a clear 23 Kyr periodicity (Figure 3i), but opposite 
in phase to the variations in the smectite/(illite + chlorite) ratio in core B9 (Figure 3h). In the northern SCS, the 
lack of a major control by transport or depositional processes means that intervals of enhanced hematite content 
(inferred from magnetic records) may be interpreted as a direct signature of high weathering intensity (Yang 
et al., 2016). In contrast, the inverse behavior of the hematite/(goethite + hematite) fluctuations in the southern 
SCS indicates a different control, which we suggest arises from a combined effect of sea level change (Figure 3m) 
and ocean circulation changes. The magnetic compositions of modern river sediments indicate that hematite is 
abundant in rivers feeding the southern SCS, including the Red River, and the Mekong River basin (Figure 1a; 
Kissel et al., 2016, 2017). Based on a comparison between the magnetic properties of core B9 and those in the 
potential source regions (Table S2 in Supporting Information S1), a large decrease in the S-ratio during glacial 
periods (Figure 3j) and the presence of high-coercivity minerals (Figure S5 in Supporting Information S1) sup-
ports that the increased hematite contents may have been originally derived from Mekong River inputs.

There is also a close coincidence between magnetic grain size variations (Figure 3l) and bulk sediment grain size 
parameters (Figure 3k and Figure S7 in Supporting Information S1) in core B9, which is particularly evident in 
coarsening during the Last Glacial Maximum and fining during the last deglaciation. The slightly coarser nature 
of the magnetic and bulk particles during glacial times could be attributed to the expansion of river channels 
across the exposed shelves, which could re-suspend and transport sediments that were previously deposited on 
the shelves during interglacial periods and carry them to the continental slope and basin (Chen et al., 2017; D. 

Figure 3.  Proxy records from core B9 compared to other records over the past 90 Kyr: (a) δ18O record from NGRIP Greenland ice core (NGRIP members, 2004); 
(b) stalagmite δ18O records from Sanbao Cave (Cheng et al., 2016); (c) July 21 insolation at 65°N (thick red curve; Berger, 1978); (d) sea surface temperature (SST) 
reconstruction from core ODP 1144 in the northern SCS (Wei et al., 2007); (e) smectite/(illite + chlorite) ratio in core MD12-3434 in the northern SCS (S. Zhao 
et al., 2018); (f, g) S-ratio and IRMAF80mT/SIRM ratio in core STD111 in the northern SCS (Yang et al., 2016); (h) smectite/(illite + chlorite) ratio in core B9 in the 
southern SCS (this study), and 23 Kyr Gaussian bandpass filtered output (thick purple curve); (i, j) hematite/(goethite + hematite) ratio (Hm/(Gt + Hm)) (purple) 
and S-ratio (pink) in core B9 in the southern SCS (this study), and 23 Kyr Gaussian bandpass filtered output of Hm/(Gt + Hm) (thick blue curve); (k, l) grain size 
endmember EM2 and χARM/SIRM in core B9 (this study); (m) Relative sea level (RSL). Purple line represents global RSL (Rohling et al., 2009). Orange, gray, and 
pink dots represent RSL for the Southeast China Coast (Zong, 2004), East China Sea (J. P. Liu, Milliman, et al., 2004), and Sunda Shelf (Hanebuth & Stattegger, 2000), 
respectively. (n) δD record from EPICA Dome C Antarctic ice core (Wolff et al., 2010). Gray bars indicate glacial intervals and green bars indicate the Younger Dryas 
(YD) and Heinrich Stadials 1–8 (H1-8). B/A, Bølling-Allerød. LGM, Last Glacial Maximum. MIS, marine isotope stage.
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Hu et al., 2012). This hypothesis of a transport-driven control on the mineralogical records is further explored in 
the next section.

3.3.  Differential Hydrodynamic Influences on Terrigenous Sediments in the Southern SCS

Differential transport and depositional dynamics among grain size classes may provide explanations for discrep-
ancies in timing between weathering proxies measured at continental margin sites (Magill et al., 2018). Such 
hydrodynamic effects, as well as degradation during transport, could represent an intrinsic function that accounts 
for proxy paradoxes (Epping et al., 2002; McCave & Hall, 2006; Mulder et al., 2013). In addition, sorting pro-
cesses can also lead to differential impacts within a grain size fraction, due to differences in properties such as 
particle sphericity, particle aggregation, matrix association, or mineralogy (Blattmann et al., 2019; McCave & 
Hall, 2006; Tesi et al., 2016).

Following previous observations that magnetic grain size varies similarly to the bulk sedimentary grain size in 
the North Atlantic Ocean (Kissel et al., 2013) and in the SCS (Chen et al., 2017), we consider that global sea level 
change and regional climate have led to varying hydrodynamic influences on terrigenous sediment inputs and 
transport in the SCS (Colin et al., 2010; Huang et al., 2019; Jiwarungrueangkul et al., 2019). We demonstrated 
above that the Mekong River is the dominant source of sediments and supplies the majority of iron oxides to 
core B9. The Mekong Basin has very high annual precipitation (∼3,000 mm/year) and temperatures (∼27°C), 
thereby allowing weathering rates to reach up to 150 kg/ha/yr (Oliva et al., 2003). The proportion of iron oxides 
is positively associated with runoff, which indicates a high chemical weathering state in the Mekong Basin, but 
also a high transport capacity of the Mekong River (Poulton & Raiswell, 2002). Here, we suggest that the inverse 
relationship between clay mineral and magnetic mineral tracers of chemical weathering intensity in the southern 
SCS in response to the EASM (Figure 3) provides support for a hypothesis of hydrodynamic influence. The si-
liciclastic grain size measurements (Figure S7 in Supporting Information S1) indicate a correlation between the 
variation of the fine grain size end-member EM2 (4 μm) (Figure 3k) and the magnetic grain size (Figure 3l), with 
coarser grain sizes occurring during intervals of lower sea level (Figure 3m) and hence closer proximity to the 
Mekong River mouth (Figure 1).

During interglacial periods, when sea level was higher, the strong EASM led to heavy rainfall and high river 
runoff (Figure 4a). Under these conditions, strong erosion and weathering in the hinterland would have provided 
an abundant supply of smectite and hematite to the Sunda Shelf (Wan et al., 2017; Y. G. Zhang et al., 2007). 
Previous studies have indicated that suspended load and bedload transport can lead to differential transport be-
tween the finer and coarser fractions, as recorded by changes in the radiocarbon content of sedimentary organic 
matter (Bao et al., 2019). Despite the longer transport distance from the Sunda Shelf to the deeper regions of the 
SCS at these times, fine-grained smectites could be transported in nepheloid layers (Gao & Collins, 2014; Z. Y. 
Zhu et al., 2006). As such, the clay mineral record is able to express climate-driven changes in weathering inputs 
linked to the EASM, although potentially further influenced by surface and intermediate water dynamics.

In contrast, the high density of heavy minerals such as magnetite or hematite restricts them from long-distance 
transport in ocean currents or nepheloid layers. Considering hematite, it is usually represented by two phases 
in rocks, sediments, and soils. One phase is specularite, with opaque, relatively large, and commonly euhe-
dral crystals, whereas the other is a fine-grained, typically poorly crystalline phase that provides most of the 
characteristic color of hematite. The wavelength band of hematite in B9 is at around 545 nm (derived from the 
second derivative of the DRS spectrum), which indicates intermediate grained hematite (Figure S5j; Torrent & 
Barron, 2003). Since relatively coarser-grained and denser sediments are less liable to rapid seaward transport 
under such hydrodynamic conditions (Gao & Collins, 2014; Y. Zhu & Chang, 2000), hematite would mostly be 
deposited proximally on the continental shelf (Figure 4a). Similarly, sluggish across-shelf bedload transport was 
observed to be accompanied by the selective degradation of organic carbon in coarser grain size fractions and a 
pronounced 14C aging of the residual organic matter (Bao & Blattmann, 2020). As such, despite the potential for 
rapid formation of hematite and/or its enhanced export by rivers under conditions of a strong EASM, the amount 
of hematite reaching the deep sea would have been limited at these times.

The operation of such transport processes in shallow shelf regions could change with glacial-interglacial changes 
in sea level (H. Zhang et al., 2021), leading to enhanced hematite export associated with coarser-grained sed-
iments during glacial periods (Figure 4b). Specifically, with a fall in sea level, the position of core B9 would 
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Figure 4.  Conceptual model of processes that control the erosion, transport, and deposition of clay and magnetic minerals in the southern SCS during (a) interglacials 
with high sea level and (b) glacials with low sea level. Figure is modified from Wan et al. (2017) based on new observations from this study.
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have been closer to the paleo-Mekong River mouth, enabling the transport of silt-sized sediments to the site, 
primarily from the exposed Sunda Shelf (Figure 1c). The silt-sized sediments could also reflect reworking, during 
periods of low sea level, of the coarse detrital material that was previously deposited on the Sunda Shelf (Huang 
et al., 2016). As such, enhanced deposition of hematite during glacial periods could reflect weathering conditions 
from the previous (or earlier) interglacial periods rather than only the contemporaneous weathering regime, and 
hence it does not provide a robust indicator of weathering intensity or fluxes coincident with its deposition.

For the SCS as a whole, its geographic extension over different monsoon-controlled climatic regions (Chen 
et al., 2017), as well as the geological and geomorphological heterogeneity of the river catchments, leads to a 
clear differentiation of sediment particles being delivered to the basin (Clift et al., 2015). As such, differences 
in both the terrigenous sediment supply in response to climate variability and the local depositional processes, 
linked to seafloor bathymetry, sea level, and ocean currents, may be expected between the northern and southern 
continental margins. Overall, our records provide an important demonstration that hydrodynamic processes play 
an important role in shaping the spatial and temporal distribution of mineralogical and geochemical indicators of 
chemical weathering in the hinterland, and must be considered before interpreting such changes directly in terms 
of carbon cycle changes.

4.  Conclusions
Contrasting depositional patterns among proxies hosted by different grain size and density classes in sediments 
of the southern SCS over the last 90 Kyr indicate the effect of differential transport dynamics by suspension and 
bedload transport. Fluctuations in smectite/(illite + chlorite) ratios correlate with the intensity, indicating intensi-
fication of erosion and chemical weathering in the tropical hinterland during interglacial and interstadial periods. 
In contrast, hematite content in the coarser fractions was subject to the influence of global sea level change and 
hydrodynamic sorting, which restricted its delivery to deep sea settings until sea level fell during glacial periods. 
These results indicate that sea level dynamics may be responsible for creating lead-lag patterns (or antiphasing) 
between proxies with similar climatic or provenance controls but which are contained in differing grain size or 
density classes. As such, these differential hydrodynamic influences are important factors to consider in inter-
pretations of diverse multi-proxy down-core records, in particular when considering millennial and orbital-scale 
weathering and paleoclimate signals contained in terrigenous continental margin sequences.

Data Availability Statement
See https://doi.org/10.5281/zenodo.5712317 for the data acquired during this study.
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