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1.  Introduction
The re-routing of sediments on shelves during glacial and interglacial changes of the Quaternary strongly impacted 
deep-sea sedimentation, particularly in the context of large shelves such as the Sunda Shelf. Such large shelves 
can modify the dynamic of sediment transport with the cycle of deposition and reworking of sediments during 
sea-level changes (Boulay et al., 2005; Colin et al., 2010; Jiwarungrueangkul, Liu, & Zhao, 2019) and weathering 

Abstract  The Sunda Shelf plays a key role in the sedimentation of the southern South China Sea (SCS). 
However, the impact of past climate changes on sediment transfer to the Sunda Shelf and the southern SCS 
is still unresolved. Here, we present new data on grain size, clay mineralogy, and Sr-Nd isotopes of three 
marine cores, river sediments, and surface sediments of the Sunda Shelf. The results indicate that clay 
fractions of the central Sunda Shelf and the Gulf of Thailand derived mainly from the Mekong River and the 
rivers of northern Thailand since the last deglaciation. Significant changes in sediment sources are observed 
at 7.5 cal ka BP. From 13.3 to 7.5 cal ka BP, sediments in the Gulf of Thailand mainly originated from the 
rivers of northern Thailand, with contributions from the Mekong River increasing after 7.5 cal ka BP. An 
opposite shift is observed in the central Sunda Shelf. Such variations in the spatial distribution result from a 
combination of sea level and East Asian monsoon effects. After 7.5 cal ka BP, less Mekong River sediments 
were transported southeastwards into the southern SCS, and more sediments were gradually trapped within the 
delta and transported in a southwesterly direction into the Gulf of Thailand due to intense East Asian winter 
monsoon, which forced a strong southwestward coastal current. Our results demonstrate the important impact 
of East Asian winter monsoon strengthening and sea level rise in the mid-Holocene, which can change sediment 
sources and transport processes on the Sunda Shelf.

Plain Language Summary  Sea level and monsoon are two important factors controlling sediment 
transfer in the tropical and subtropical continental marginal seas. However, the impact of past sea level 
and monsoon changes on mineralogical composition and sediment transfer to the Sunda Shelf (the largest 
low-latitude continental shelf) and the southern South China Sea (SCS) is unclear. This study provides new data 
on grain size, clay mineralogy, and Sr-Nd isotopes of sediment from marine cores, river sediments, and surface 
sediments of the Sunda Shelf to constrain sediment sources and climatic control on sediments deposited on 
the Sunda Shelf since the last deglaciation. We find that the Mekong River and the rivers of northern Thailand 
are two major sediment sources to the Sunda Shelf. An opposite shift of sediment sources at 7.5 cal ka BP 
is observed between the Gulf of Thailand and the central Sunda Shelf, which results from the transfer of the 
Mekong River sediments between the southern SCS and the Sunda Shelf caused by sea-level rise and East 
Asian winter monsoon strengthening in the mid-Holocene. Our results highlight that sea level and East Asian 
winter monsoons can significantly change sediment sources and transport processes on the Asian low-latitude 
continental shelf.
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of sediments during low-level stands (Boulay et al., 2007; Desiage et al., 2023; Liu et al., 2005; Wan et al., 2017). 
However, the impacts of past climate and oceanographic changes (e.g., monsoon and sea level changes) on sedi-
mentary composition and sediment transfer to the Sunda Shelf and deep-sea basins of the southern South China 
Sea (SCS) are still not well established.

The Sunda Shelf is the largest low-latitude shelf and has received large number of sediments (>250 Mt/yr) from 
several rivers draining the eastern Tibetan Plateau in the North or tectonically stable regions to the West and the 
South (Hanebuth et al., 2003, 2011; Milliman & Syvitski, 1992). The sediment discharge of the Mekong River is 
high (160 Mt/yr) and the Mekong River is considered one of the dominant sediment sources to the Sunda Shelf, 
with significant contributions of sediments from surrounding small rivers mainly distributed offshore (>80 Mt/
yr for all the small rivers of Thailand, Malay Peninsula, Sumatra, and Borneo) (Liu et al., 2016). The Sunda Shelf 
was exposed during glacial low sea-level stand (−120 m during the last glacial maximum-LGM (26–20 ka)) 
(Armstrong et al., 2019), and sediments transported by small rivers to the Gulf of Thailand were partially trans-
ported to the southern SCS deep basin by the Paleo-Chao Phraya River (Alqahtani et al., 2015). The Paleo-Chao 
Phraya River had an estimated drainage area of about 1,350,000 km 2, which was possibly the largest river system 
on the Sunda Shelf during the Pleistocene (Alqahtani et al., 2015). In addition, during the glacial period, sediment 
from the Mekong River was directly transported along the Paleo-Mekong River valley into the southern margin of 
the SCS (Colin et al., 2010; Jiwarungrueangkul, Liu, & Zhao, 2019). Therefore, temporal and spatial distributions 
of sedimentation need to be studied to better constrain the role of the Sunda Shelf in the sedimentation of the 
southern deep-sea basin of the SCS during the late Quaternary.

Uncertainty regarding provenance is a major obstacle to extracting paleoclimatic and paleoenvironmental infor-
mation from sedimentary records. Since the last deglaciation, the intensity of the East Asian winter and summer 
monsoons has significantly changed (Dykoski et al., 2005; Yancheva et al., 2007). Variations in monsoon rain-
fall intensity have been shown to modify sediment production and transport (e.g., Colin et al., 1999, 2010; Hu 
et al., 2012; Wan et al., 2015; Xue et al., 2010). Furthermore, changes in the relative intensity of summer and 
winter monsoons can also affect dominant ocean surface currents, which play a crucial role in sediment transport 
on the shelf. Due to the wide extent of the shelf (800 km) and its low bathymetric gradient (1:9,000 m), small 
changes in sea level result in large changes in the exposed shelf area (Hanebuth et al., 2003). Since the LGM, the 
sea level in the Sunda Shelf has increased by approximately 120 m (Hanebuth et al., 2000, 2009). The Sunda Shelf 
was gradually flooded, with the superimposition of several rapid sea-level rise events (Hanebuth et al., 2011). The 
rapid rise of sea level has caused the submergence of exposed land, and the corresponding sedimentary process, 
sources, and sedimentary environment will also have changed. All these processes modified the amount of sedi-
ment, the sedimentary source, and the state of chemical weathering of sediment transported to the deep-sea basin.

Clay mineral assemblages together with strontium (Sr) and neodymium (Nd) isotopic compositions of deep-sea 
and shelf sediments from the SCS have been demonstrated to be reliable tracers to constrain past changes in 
sediment sources transported to the SCS (Boulay et al., 2005, 2007; Liu et al., 2010, 2016; Sang et al., 2022; 
Wei et al., 2012; Wu et al., 2021), although clay mineral and Sr isotope could also be used to indicate the 
intensity of chemical weathering affecting drainage basins (Blum & Erel, 1995; Clift, 2016; Colin et al., 2010). 
Up to now, these proxies have never been used to study the evolution of the late Quaternary sediments of the 
Sunda Shelf.

In this study, grain size distribution, clay mineral assemblage, and Sr-Nd isotopic composition in the <63 μm and 
<2 μm size fractions have been analyzed on sediment samples from rivers surrounding the Sunda Shelf, surface sedi-
ments from the central Sunda Shelf off the Malay Peninsula, and sediments from three gravity cores located in the 
central Sunda Shelf (CJB01-64 and CJB01-75) and the middle Gulf of Thailand (BT-7) (Figure 1a). The aim has been 
to (a) identify the sedimentary sources of the middle Gulf of Thailand and the central Sunda Shelf since the last degla-
ciation (13.3 cal ka BP); (b) investigate the spatial and temporal variations in the provenance of detrital sediments of 
the central Sunda Shelf which could receive sediments from the Mekong River and the rivers in Thailand, the Malay 
Peninsula, Sumatra, and Borneo; (c) constrain the climatic factors (e.g., East Asian monsoon and sea level variations) 
controlling the transport of siliciclastic sediments to the Sunda Shelf and the southern SCS since the last deglaciation.

2.  Regional Setting
The Sunda Shelf and surrounding river basins are mainly influenced by the East Asian monsoon and the Austral-
ian monsoon (Wang et al., 2009). The subtropical zone of the Northern Sunda Shelf (including Thailand and 
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the Indochina Peninsula) is mainly under the influence of the East Asian monsoon, characterized by a seasonal 
reversal in wind patterns between summer and winter. The summer monsoon (from May to September) displays 
high temperature and precipitation with dominant southwesterly winds. In contrast, the winter monsoon (from 
November to January) induces low temperatures and less precipitation associated with dominant northeasterly 
winds (Chu & Wang, 2003). The tropical Southern Sunda Shelf (including the shelf of the eastern Malay Penin-
sula, Sumatra, and northern Borneo) is influenced by the East Asian-Australian monsoon systems. This region 
is affected by the southwesterly East Asian monsoon from September to February with high precipitation, while 
it is influenced by the northeasterly Australian monsoon from March to August with less precipitation (Liu 
et al., 2012). Additionally, it is characterized by small seasonal temperature variations throughout the year.

The surface circulation in the southern SCS is mainly controlled by seasonal monsoon wind reversal (Figure 1b; 
Tangang et al., 2011). In winter, the entire southern SCS is occupied by a cyclonic gyre, which reaches the north-
ern Sunda Shelf. In summer, the reversed anticyclonic gyre occupies this region. At a latitude of approximately 

Figure 1.  Sampling sites and geological setting on the Sunda Shelf. (a) Sampling sites on the Sunda Shelf and surrounding rivers. The red, blue, and orange circles 
represent surface sediments from the river, estuary, and Sunda Shelf, respectively. The yellow stars represent cores (BT-7, CJB01-64, and CJB01-75) of this study, and 
the red stars represent cores cited by Liu et al. (2004) (MD97-2150) and Chen (2020) (T93) for comparison. Orange arrows with numbers represent sediment discharge 
from major sources in Mt/yr revised by Liu et al. (2016). (b) Geological map and surface currents on the Sunda Shelf. The geological map was modified by Liu 
et al. (2016). The surface currents were revised after Fang et al. (1998), Tangang et al. (2011), and Liu et al. (2016). The rectangle indicates the location of panel (d). (c) 
Tectonic terranes of the Sunda Shelf and surrounding river drainages (Metcalfe, 2013). LT = Lincang Terrane, ST = Sukhothai Terrane, CT = Chanthaburi Terrane. (d) 
MODIS image shows that Mekong River sediments are transported toward the southwest. The image is derived from https://worldview.earthdata.nasa.gov.
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11°N, the northern boundary of the anticyclonic gyre is underlined by the southeast Vietnam Offshore Current, 
a strong offshore-directed current (Fang et al., 1998). In the Gulf of Thailand, surface currents are mainly forced 
by seasonal monsoon wind reversal accompanied by anticyclonic gyre in summer (March–August) and cyclonic 
gyre in winter (September–November) with relatively weak currents from January to February (Wattayakorn 
et al., 1998).

The Mekong River had a sediment discharge of 160 Mt/yr before the dam construction in the 1990s (Milliman 
& Syvitski, 1992). High temperatures throughout the year and extremely abundant rainfall over high topographic 
relief result in strong physical erosion and the transport of huge number of sediments to the Sunda Shelf. Several 
smaller rivers in northern Thailand supply more than 19 Mt/year of fluvial sediments to the Gulf of Thailand 
(Table S1 in Supporting Information S1; Milliman & Farnsworth, 2011). The sediment discharge from the small 
rivers in southern Thailand is negligible due to their small drainage basins and low topographic relief. The Malay 
Peninsula's rivers have a sediment discharge of up to 35 Mt/yr (Liu et al., 2012). However, sediment discharge 
data from the rivers of Sumatra and Borneo are scarce. Based on the estimation from Milliman et al. (1999), 
the total sediment discharges of the rivers of northern Borneo and northeastern Sumatra are 459 and 498 Mt/yr, 
respectively. Nevertheless, the observed sediment loads of the Rajang River in northern Borneo, like other small 
mountainous rivers, were only 30 Mt/yr. Therefore, more observations are necessary to better understand the 
fluvial sediment discharge from this region. Tectonic terranes surrounding the Sunda Shelf include Indochina, 
East Malaya, Sibumasu, West Sumatra, SW Borneo, and other small blocks (Figure 1c).

3.  Materials and Methods
3.1.  Materials

Cores CJB01-64 (104°58′06.54″E, 5°59′53.49″N, water depth 62  m, core length 158  cm) and CJB01-75 
(105°31′50.94″E, 4°54′40.52″N, water depth 80 m, core length 150 cm) were collected on the central Sunda Shelf 
during the China-Malaysia joint cruise aboard the “R.V. DISCOVERY” in April 2018 (Figure 1). Core BT-7 was 
collected in the central Gulf of Thailand (100°55.23′E, 9°6.52′N, water depth 47 m, core length 486 cm) during 
the China-Thailand joint cruise aboard the “M.V. SEAFDEC” in March 2018 (Figure 1; Zhang et al., 2021). The 
lithological descriptions of these cores are reported in Supporting Information S1.

In addition, 122 surface samples were collected throughout the central Sunda Shelf off the Malay Peninsula and 
from fluvial drainage basins surrounding the Sunda Shelf (Figure 1; Table 2). River samples were collected from 
river basins of the Indochina Peninsula, Thailand, the Malay Peninsula, Sumatra, and Borneo. These samples 
were collected by the China-Malaysia cooperation project in October 2016, the China-Malaysia joint cruise 
aboard “R.V. DISCOVERY” in September 2017, and the China-Thailand cooperation project in August 2019.

3.2.  Radiocarbon Dating

Well-preserved foraminifera, gastropod shells, and plant debris were used for  14C dating (Table 1). Samples were 
physically pretreated by sonication in deionized water to remove small carbonate particles (e.g., coccoliths) that might 
be trapped inside the shells. Once cleaned, the samples reacted with phosphoric acid to generate CO2. After graphiti-
zation, the samples were dated using an accelerator mass spectrometer (AMS) at the Beta Analytic Laboratory 
(Miami, USA). The AMS instrument was calibrated to accurately measure the ratio of  14C– 13C between the sample 
graphite and a modern reference material (NIST-4990C, Oxalic acid). The obtained analytical results were expressed 
as a fraction of the modern reference value, which was corrected for isotopic fractionation using δ 13C and radiocar-
bon age calculations based on the conventions outlined in Stuiver and Polach (1977). The calibrated ages suggested 
are according to their ±2 sigma range (95% degree of confidence). The AMS  14C dates of foraminifera were then 
converted to calendar years (cal yr BP, BP = 1950 Common Era or CE) using CALIB version 8.20 software, which 
is based on the MARINE20 (Heaton et al., 2020) and assumes an adjustment for a regional marine reservoir age of 
−15 ± 38 years (Southon et al., 2002). The terrestrial plant debris was calibrated to calendar years using INTCAL20.

3.3.  Laser Grain-Size Analyses

Laser grain-size analyses were conducted on 305 samples from cores from the central Sunda Shelf collected 
at every 1 cm depth interval (157 samples from core CJB01-64 and 148 samples from core CJB01-75). Meas-
urements of the grain-size distribution of terrigenous particles were conducted using a Malvern PANalytical 
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Mastersizer 3000 laser grain-size analyzer hosted at the Key Laboratory of Marine Geology and Mineralization 
(Ministry of Natural Resources-MNR, China). The measurements were taken within the range of 0.01–3,500 μm. 
Before the analyses, bulk sediment was pre-treated to remove sea salts, biogenic carbonates, and organic matter 
by using deionized water, HCl (0.25 N), and hydrogen peroxide (30% v/v), respectively. The samples were ultra-
sonicated for 10 s to disperse them completely and then quickly introduced into the machine for measurement. 
The repeated measurement error was less than 3%. Mastersizer 3000 software (version 3.50) and Excel software 
were used to process the grain size data.

3.4.  Clay Mineral X-Ray Diffraction (XRD)

The clay mineral composition of 122 surface sediment samples and 184 sediment samples from cores BT-7, 
CJB01-64, and CJB01-75 was analyzed using the X-ray diffraction (XRD) method on the oriented <2 μm silici-
clastic fraction. The bulk sediment underwent treatment with deionized water, acetic acid (25% v/v), and hydro-
gen peroxide (33% v/v) to remove sea salt, carbonate, and organic matter, respectively. The <2  μm fraction 
of the samples was then extracted by settling based on Stokes law, and oriented thin sections of clay minerals 
were prepared following the analytical procedure described in detail by Liu et al. (2016). The clay minerals of 
cores CJB01-64 and CJB01-75 were identified by XRD using a PANalytical X'Pert powder diffractometer at the 
Geosciences Paris-Saclay (GEOPS) laboratory (PANOPLY's analytical facilities at the Université Paris-Saclay, 
France). The analysis was conducted under CuKα radiation and a Ni filter at a current and voltage of 40 mA and 
45 kV, respectively. 2θ ranged from 2.6° to 31.9°, with a step size of 0.033° and step time of 161 s. The incident 
beam mask width is 11.6 mm. The analysis was performed under three conditions: air-dried, ethylene glycol 
saturation, and heating for 2 hr at 490°C. The study involved a semi-quantitative estimation of peak areas of basal 
reflections for major clay groups, namely smectite (15–17 Å), illite (10 Å), and kaolinite/chlorite (7 Å), using 
GEOPS home-made software (JaDHe) on the ethylene glycol saturation curve. The distinction between kaolinite 
and chlorite was made on the basis of 3.57/3.54 Å peak areas. The clay mineral data were normalized to 100%. 
The sample was analyzed in replicates, and the relative error margin was ±2% (2σ).

Additionally, the clay mineral compositions of core BT-7 and all surface sediments were determined using a 
Rigaku D/max-2500 diffractometer at the Key Laboratory of Marine Geology and Metallogeny (MNR, China) 
following a similar analytical procedure. However, as different X-ray diffractometers may slightly affect the 
relative proportion of clay minerals, we then duplicated the clay mineral determination of 79 surface and core 
sediments obtained on the Rigaku D/max-2500 diffractometer and on the PANalytical X'Pert powder diffractom-
eter following the exact same analytical procedure used for cores BT-7, CJB01-64, and CJB01-75. Small correc-
tions were then applied according to the linear correlations obtained from the same clay mineral between the two 
X-ray diffractometers. Such corrections permit us to compare our new set of results with clay mineral data sets 
obtained previously for the southern SCS (Liu et al., 2016).

Cores Depth (cm) Lab no. Material
Conventional 

AMS 14C age (BP) Calibrated age range (cal a BP, 2σ, 95% probability)
Calendar age 

(cal a BP)

CJB01-64 10–11 Beta- 582784 Mixed benthic foraminifera 3,560 ± 30 3,471–3,121 3,296

30–31 Beta- 582785 Mixed benthic foraminifera 4,540 ± 30 4,788–4,388 4,588

60–61 Beta-582786 Mixed benthic foraminifera 7,110 ± 30 7,570–7,274 7,422

95–96 Beta-582787 Gastropod shell 9,500 ± 30 10,414–10,008 10,211

138–139 Beta-582789 Plant debris 10,420 ± 30 12,402–12,101 (73.1%) 12,252

CJB01-75 10–11 Beta- 582794 Mixed benthic foraminifera 2,060 ± 30 1,641–1,305 1,473

30–31 Beta-582795 Mixed benthic foraminifera 2,470 ± 30 2,147–1,774 1,961

50–51 Beta-582796 Mixed benthic foraminifera 2,550 ± 30 2,279–1,888 2,084

80–81 Beta-582797 Mixed benthic foraminifera 3,140 ± 30 2,973–2,633 2,803

101–102 Beta-582798 Mixed benthic foraminifera 3,380 ± 30 3,272–2,877 3,075

127–128 Beta-582799 Mixed benthic foraminifera 3,870 ± 30 3,866–3,484 3,675

140–141 Beta-582800 Mixed benthic foraminifera 3,900 ± 30 3,909–3,520 3,715

Table 1 
AMS 14C Dating Age Model of Cores CJB01-64 and CJB01-75
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3.5.  Analyses of Nd and Sr Isotopic Compositions

Nd and Sr isotopic compositions were analyzed on the <63 and <2 μm siliciclastic fractions of 11 samples from 
rivers surrounding the Sunda Shelf, 32 samples from core CJB01-64, and 30 samples from core CJB01-75. 
Since the <63 μm fraction can be transported by ocean currents and clay minerals are mainly present in <2 μm 
fraction, these two fractions are chosen to minimize the grain size effect on isotopic results and compare them 
with clay mineral results. In addition, 33 bulk siliciclastic fraction samples from core BT-7 were also analyzed. 
Sediment samples were treated with acetic acid (25% v/v) and hydrogen peroxide (33% v/v) to remove carbonate 
and organic matter, respectively. Fractions <63 μm were obtained by sieving and fractions <2 μm were obtained 
following the same analytical procedure used to prepare samples for XRD clay mineralogy determination.

Initially, 50 mg of sub-samples were dissolved in 3 ml 40% hydrofluoric (HF)-300 μl 67% perchloric acid (HClO4) 
mixtures and 3 ml 34% HCl-3 ml 67% HNO3 mixtures, respectively. Separation of Sr and rare earth elements (REEs) 
was achieved using a Bio-Rad column packed with AG50WX-8, 200–400 mesh cationic exchange resin, and 2 N 
hydrochloric acid and 2.5 N nitric acid, respectively. The Sr fraction was further purified on a 20-μl SrSpec® column 
consisting of a polyethylene syringe with a 4 mm Ø Millex® filter (Colin et al., 2006). Nd was purified from the REEs 
by using TRU Spec and Ln-Spec resins following the analytical procedures described in Copard et al. (2010). The Sr 
and Nd isotopic compositions were measured using a Thermo Scientific Multi-Collector Induced Coupled Plasma 
Mass Spectrometer (MC-ICP-MS NEPTUNE Plus) located at the Laboratoire des Sciences du Climat et de l’Envi-
ronnement (Gif-sur-Yvette, PANOPLY's analytical facilities at the Université Paris-Saclay, France). The samples and 
standard concentrations were matched at 20 ppb for the Nd and Sr isotope analyses. During the analytical processes, 
every three samples were bracketed with analyses of appropriate Sr standard solution NIST SRM987 ( 87Sr/ 86Sr ≈ 
0.710250 ± 0.000016) and Nd standard solution JNdi-1 ( 143Nd/ 144Nd ≈ 0.512115) (Lugmair et al., 1983; Tanaka 
et al., 2000). The Sr and Nd isotopic ratios were corrected from mass bias according to the exponential law relative 
to  146Nd/ 144Nd = 0.7219 and  86Sr/ 88Sr = 0.1194, respectively. The total procedural blanks for Nd and Sr are <30 pg, 
which represents <0.1% of the lowest quantity of Nd and Sr of samples, and thus can be ignored. The analytical 
error for each sample was taken as the external reproducibility of the La Jolla or NIST SRM987 standard unless the 
internal error was larger. For convenience, the Nd isotopic composition is expressed as εNd (0) = [( 143Nd/ 144Nd)sample/
( 143Nd/ 144Nd)CHUR-1] × 10,000, with the present-day ( 143Nd/ 144Nd)CHUR of 0.512638 (Jacobsen & Wasserburg, 1980).

4.  Results
4.1.  Chronological Framework

As planktonic foraminifera are rare at the bottom of core CJB01-64, the age model of this core has been estab-
lished using a Bayesian approach (Blaauw & Christen, 2011) based on five calibrated AMS  14C dates measured on 
well-preserved calcareous test samples of mixed benthic foraminifera, gastropod shells, and the sample of plant debris 
(Figure S1 in Supporting Information S1; Table 1). Although this material is not good for  14C dating as planktonic 
foraminifera, the use of this material is also acceptable, at least at the glacial/interglacial timescale from previous 
studies in this area (Hanebuth et al., 2003; Jiwarungrueangkul, Liu, Stattegger, & Sang, 2019; Jiwarungrueangkul, 
Liu, & Zhao, 2019). The established age model reveals that the upper 158 cm of core CJB01-64 extends back to 
13.3 cal ka BP, with an average linear sedimentation rate of 11.8 cm/ka (varying from 10.6 to 21.1 cm/ka).

The age model of core CJB01-75 has also been established using a Bayesian approach (Blaauw & Christen, 2011) 
based on seven calibrated AMS  14C dates obtained on mixed benthic foraminifera samples (Figure S1 in Support-
ing Information S1; Table 1). Core CJB01-75 provides a continuous record over the last 4.0 cal ka BP, with an 
average sedimentation rate of 37.3 cm/ka (from 41.7 to 329.1 cm/ka).

The age model of core BT-7 was established by Zhang et al. (2021) and was obtained by using seven calibrated 
AMS  14C dates from benthic foraminifera and plant materials (Zhang et al., 2021). The age model of core BT-7 
has been re-established using a Bayesian approach (Blaauw & Christen, 2011) in this study. Core BT-7 extends 
back to 12.8 cal ka BP, with an average sedimentation rate of 37.9 cm/ka.

4.2.  Laser Grain-Size

The grain size composition of core BT-7 has been previously described by Zhang et al. (2021). Sediments from 
core CJB01-64 are dominated by silt (43%–73%) and clay (10%–33%), followed by sand (1%–46%) (Figure 2). 
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D90, which means that 90% of the total particles are smaller than this size, is used to represent the grain size 
distribution. Core CJB01-64 has grain size values (D90) ranging between 25 and 125 μm. The grain size (D90) 
and proportions of sand, silt, and clay display a significant change at around 7.5 cal ka BP with finer grain size 
(average 43 μm) before 7.5 cal ka BP than after (average 105 μm).

Core CJB01-75 sediments are mainly composed of silt (55%–80%) and clay (13%–21%), with a small amount of 
sand (3%–28%) (Figure 2). Except for 4 analytical results, the grain sizes (D90) display a narrow range from 36 
to 130 μm. No coherent long-term change in grain size and proportions of sand, silt, and clay could be observed 
along the core.

4.3.  Clay Mineralogical Compositions

4.3.1.  Rivers of Thailand and the Malay Peninsula

Most rivers in the northern Gulf of Thailand have similar clay mineral compositions (Figure 3a). Clay mineral 
assemblages of northern Thailand rivers (Chao Phraya River, Mae Klong River, Tha Chin River, Bang Pakong 
River, and Pra Sea River) are characterized by high proportions of smectite (7%–65%, average 43%) and kaolinite 
(13%–75%, average 27%), with lesser amounts of illite (8%–28%, average 17%) and chlorite (7%–20%, average 
13%) (Figure 3; Table 2). The clay mineral assemblages of the southern Thailand rivers (Tapi River and Pak 
Phanang River) are characterized by the dominance of kaolinite (33%–51%, average 42%), with lesser amounts of 
smectite (3%–41%, average 25%), illite (9%–29%, average 19%), and chlorite (9%–19%, average 14%) (Figure 3b).

The clay mineral assemblages of rivers on the Malay Peninsula are dominated by kaolinite (26%–78%, average 
62%), followed by illite (15%–23%, average 20%) and chlorite (4%–42%, average 13%), with small amounts of 
smectite (0%–22%, average 5%) (Figure 3b).

4.3.2.  Gulf of Thailand: Core BT-7

Clay mineral assemblages of core BT-7 are mainly composed of smectite (25%–57%, average 44%) and kaolinite 
(21%–30%, average 25%), with lesser amounts of chlorite (13%–21%, average 16%) and illite (8%–31%, aver-
age 15%) (Figure 4; Table S2 in Supporting Information S1). Except for kaolinite, clay mineral compositions 
since 13.3 cal ka BP display a significant change at around 7.5 cal ka BP (Figure 4). From 13.3 to 7.5 cal ka BP, 

Figure 2.  Variations in grain size (D90 (μm)) and proportions (%) of sand, silt, and clay obtained on cores. (a and b) Core BT-7 (Zhang et al., 2021) from the Gulf of 
Thailand. (c–f) Cores CJB01-64 and CJ01-75 from the central Sunda Shelf. The dashed lines at approximately 7.5 cal ka BP indicate the boundaries of the grain size 
transitions at these cores.
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smectite contents decrease continuously (from 57% to 37%), whereas chlo-
rite and kaolinite contents slightly increase from 13% to 21% and from 20% 
to 30%, respectively. No significant variations of illite contents (8%–14%, 
average 11%) can be observed during the time interval 13.3–7.5 cal ka BP. 
After 7.5 cal ka BP, illite increases abruptly and then increases continuously 
until 3 cal ka BP (from 11% to 31%), while smectite decreases (from 53% to 
25%). Chlorite and kaolinite do not display any obvious variations (Figure 4).

4.3.3.  Central Sunda Shelf: Surface Sediments and Cores CJB01-64 
and CJB01-75

The clay mineral assemblages of estuaries located in the Malay Peninsula are 
dominated by kaolinite (33%–76%, average 55%), followed by illite (13%–
27%, average 20%), smectite (0%–48%, average 15%), and chlorite (5%–16%, 
average 10%) (Figure 3a; Table S2 in Supporting Information S1). The clay 
mineral  assemblages of sediments from the central Sunda Shelf are mainly 
composed of kaolinite (21%–70%, average 31%) and illite (21%–39%, average 
31%), with lesser proportions of smectite (1%–38%, average 21%) and chlorite 
(8%–22%, average 16%). Smectite is enriched in the central shelf (Figure 5a). 
Illite and chlorite distributions show continuous enrichment from the offshore 
zone to the central shelf (Figures 5b and 5d). Kaolinite displays an opposite 
distribution compared to illite. Kaolinite displays the highest proportion in the 
offshore area and continuously decreases from the offshore to the central shelf 
(Figure 5c).

The clay mineral assemblages of core CJB01-64 are dominated by smec-
tite (29%–66%, average 43%), followed by illite (12%–30%, average 22%), 
kaolinite (13%–23%, average 19%), and chlorite (9%–19%, average 15%) 
(Table S2 in Supporting Information  S1). In general, illite, chlorite, and 
kaolinite variations are similar and display variations opposite to smectite 
variations. Since 13.3 cal ka BP, clay mineral compositions show an abrupt 
change at around 7.5 cal ka BP (Figure 6). Before 7.5 cal ka BP, smectite 
contents were low (29%–43%, average 34%) and thereafter increased until 
4.5 cal ka BP (from 48% to 66%). The proportion of smectite is then constant 
after 4.5  cal  ka  BP.  In contrast, illite, chlorite, and kaolinite contents are 
higher (22%–30%; 16%–19%; 18%–23%, respectively) before 7.5 cal ka BP 
and then decrease until 4.5 cal ka BP (from 21% to 12%; from 14% to 9%; 
from 18% to 13%, respectively) after 7.5 cal ka BP.

The clay mineral assemblages of core CJB01-75 are also dominated by 
smectite (57%–62%, average 59%), followed by kaolinite (14%–17%, aver-
age 16%), illite (14%–16%, average 15%), and chlorite (9%–11%, average 
10%) (Table S2 in Supporting Information S1). No variations in clay mineral 
compositions occurred from 4.0 to 1.2 cal ka BP (Figure 6). It is worth noting 
that the percentage of each clay mineral of core CJB01-75 is similar to that of 
core CJB01-64 over the same time interval (Figure 6).

4.4.  Sr-Nd Isotopic Compositions

 87Sr/ 86Sr ratios and εNd values analyzed on the bulk, <63 μm, and clay-sized 
(<2  μm) siliciclastic fractions from rivers, cores BT-7, CJB01-64, and 
CJB01-75 are listed in Table 2 and Figure 6.

4.4.1.  Rivers Surrounding the Sunda Shelf

Except for the Mae Klong River,  87Sr/ 86Sr ratios and εNd values analyzed on two samples from each river investi-
gated in this study showed similar isotopic compositions (Table 1). In addition, εNd values of sediment from the 
north Borneo river (MK16 and MK19) and from the Mekong River (samples MR04 and MR16) are consistent 

Figure 3.  Clay mineral assemblages of rivers surrounding the Sunda Shelf. 
(a) Clay mineral assemblages of the river, estuary, and shelf sediments around 
Thailand and the Malay Peninsula. Kelantan. E: Kelantan estuary. Pahang. 
E: Pahang estuary. (b) Clay mineral provinces around the Sunda Shelf. The 
clay mineral compositions of the Mekong River and the rivers of Sumatra and 
Borneo are from Liu et al. (2016).
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with the previously published values for river sediments from the same 
sampling sites and the same size fractions (<63 μm) (−7.7 for MK16 and 
−7.1 for MK19 of Borneo rivers and −10.5 for MR16 and −10.2 for MR04 
of Mekong River) (Table 2; Liu et al., 2007, 2016).

For the <63  μm fraction, the Mekong River (mean εNd of −10.0 
and  87Sr/ 86Sr ratio of 0.7209), the Rajang River in Borneo (mean εNd of 
−7.4 and  87Sr/ 86Sr ratio of 0.7193), the Hari River in Sumatra (mean εNd 
of −4.8 and  87Sr/ 86Sr ratio of 0.7110), and the Kelantan River of the Malay 
Peninsula (mean εNd of −8.0 and  87Sr/ 86Sr ratio of 0.7193) display differ-
ent  87Sr/ 86Sr ratios and εNd values (Table 2). Samples from the Chao Phraya 
River (εNd of −9.5 and  87Sr/ 86Sr ratio of 0.7205) and Mae Kong River (εNd 
of −14.1 and  87Sr/ 86Sr ratio of 0.7390) in Thailand display contrasted εNd 
values and  87Sr/ 86Sr ratios in agreement with the contrasted lithology of the 
regions drained by these two rivers.

 87Sr/ 86Sr ratios and εNd obtained on the <2 μm fraction are also reported 
in Table  2 and are consistent with the Sr and Nd isotopic compositions 
obtained on <63 μm fraction with some slight deviations. These deviations, 
which have already been revealed in many previous studies comparing Sr 
and Nd isotopic analyses of different grain-sizes of the sediments, are due to 
different mineralogical compositions (Bayon et al., 2015; Carter et al., 2020; 
Jonell et al., 2018).

4.4.2.  Gulf of Thailand: Core BT-7

For core BT-7, the εNd values range from −12.8 to −11.0, and  87Sr/ 86Sr 
ratios range from 0.7220 to 0.7295. A significant change in the εNd 
values and  87Sr/ 86Sr occurs at around 7.5  cal  ka  BP: sediments from 
the 13.3–7.5  cal  ka  BP time interval are characterized by lower radio-
genic εNd (between −12.7 and −11.7) than sediments from the 7.5 to 
0  cal  ka BP time interval (between −12.8 and −11.0);  87Sr/ 86Sr ratios of 
the 13.3–7.5 cal ka BP period are higher (0.7253–0.7291) than those of the 
7.5–0 cal ka BP period (0.7220–0.7294) (Figure 4; Table 2).

4.4.3.  Central Sunda Shelf: Cores CJB01-64 and CJB01-75

For core CJB01-64, <63  μm fractions yield εNd values ranging from 
−11.9 to −11.3 and  87Sr/ 86Sr ratios from 0.7213 to 0.7242. Similar to the 
Gulf of Thailand, significant changes in εNd values and  87Sr/ 86Sr ratios 
are also observed at 7.5 cal ka BP. During the 13.3–7.5 cal ka BP period, 
εNd and  87Sr/ 86Sr are higher (εNd = −11.7 to −11.3;  87Sr/ 86Sr = 0.723
5–0.7242) than those of the time interval 7.5–2.6 cal ka BP (εNd = −12.0 
to −11.5;  87Sr/ 86Sr  =  0.7213–0.7233) (Figure  6; Table  2). For <2  μm 
fractions, εNd values range from −11.2 to −10.4, and  87Sr/ 86Sr ratios 
are characterized by a narrow range from 0.7271 to 0.7288. εNd 
and  87Sr/ 86Sr ratios also display significant changes at 7.5 cal ka BP. The 
time interval from 13.3 to 7.5  cal  ka  BP is characterized by higher 
radiogenic εNd (between −11.0 and −10.4) than the time interval from 
7.5 to 2.6  cal  ka  BP (from −11.2 to −10.8). This is associated with 
lower  87Sr/ 86Sr ratios (0.7271–0.7279) for the period 13.3–7.5 cal ka BP 
than those for the period 7.5–2.6 cal ka BP (0.7281–0.7288) (Figure 6; 
Table 2).

For core CJB01-75, εNd values and  87Sr/ 86Sr ratios of the <63 μm fraction 
display a narrow range from −11.9 to −11.5 and from 0.7252 to 0.7261, 
respectively (Figure 6; Table 2). εNd values and  87Sr/ 86Sr ratios display no 
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variations during the last 4.0 cal ka BP (Figure 6). Core CJB01-75 has higher  87Sr/ 86Sr and εNd values in the 
<63 μm fraction than core CJB01-64. For the <2 μm fractions, εNd values and  87Sr/ 86Sr ratios both also have a 
narrow range from −11.2 to −10.8 and from 0.7291 to 0.7295, respectively. εNd values and  87Sr/ 86Sr signatures 
have similar isotopic compositions (within the error) to core CJB01-64 over the same time interval (Figure 6).

5.  Discussion
5.1.  Sediment Sources of the Gulf of Thailand and the Central Sunda Shelf

5.1.1.  Sr-Nd Isotopic Evidence

The  87Sr/ 86Sr ratios versus εNd measured for the decarbonated sediments of core BT-7 and the <63 μm frac-
tion of cores CJB01-64 and CJB01-75 are presented in Figure 7a, together with data for core T93 sediments 
in the Gulf of Thailand and river sediments looked at in this study and those previously reported by Liu 
et al. (2007) and Chen (2020). Sr-Nd isotopic ranges for tectonic terranes are also plotted in Figure 7a. The 
tectonic terranes and corresponding river drainage sediment display similar isotopic compositions, especially 
for Nd isotopes, although Sr isotopes show a slight offset between the Malay Peninsula rivers and the poten-
tial basement (Sibumasu Block). Based on this, the isotopic composition of river sediments could be used 
as end members. In Figure 7b, more detailed data are presented for the sediments from the periods 13.3–7.5 
and 7.5–0 cal ka BP. In these diagrams, the mixing of sediments from every two different sources generates a 
hyperbolic trend between the end members. As the sources of Borneo rivers are located south of these cores, 
they are excluded from a significant contribution of sediment. This is in agreement with previous observa-
tions suggesting that sediments from Borneo's rivers are mainly deposited over the offshore area (Staub & 
Gastaldo, 2000).

5.1.1.1.  Sediment Sources of the Gulf of Thailand: Core BT-7

Sr and Nd isotopic compositions obtained on the decarbonated sediments of core BT-7 mainly fit along a mixing 
curve between two end members (Figures 7a and 7b). One of these corresponds to the isotopic composition of 
sediment recovered from the Mekong River/Chao Phraya River. The second end member corresponds to that of 
the Mae Klong River (northern Thailand).

The Mekong River and Chao Phraya River end members overlap, indicating their isotopic similarity. The upper 
reaches of the Chao Phraya River are mainly composed of Paleozoic-Mesozoic sedimentary rocks, and the 
bedrock of the lower reaches is dominated by Quaternary deposits (Figure 1). The basement in the upper reaches 
of the Mekong River consists mainly of Mesozoic sedimentary rocks, the middle reaches are underlain mainly 
by Paleozoic-Mesozoic sedimentary rocks and Paleozoic-Cenozoic granitic rocks, and the lower reaches are 
mainly Quaternary deposits (Liu et al., 2004). Therefore, these two river drainage basins have similar stratig-
raphy with Paleozoic-Mesozoic sedimentary rocks in the middle-upper reaches and Quaternary deposits in the 
lower reaches, which could lead to their similar isotopic compositions. Although the Mae Klong River and Chao 
Phraya River are both located in northern Thailand, these two river basins have different geological formations 
(Figure 1), a fact that explains their isotopic differences. Additionally, the sediment discharge rate of the Mae 
Klong River (8.1 Mt/yr) is comparable to that of the Chao Phraya River (11 Mt/yr) (Table S1 in Supporting Infor-
mation S1). Thus, the Mae Klong River is an important end member.

Since these study cores are also plotted on the mixing line of the Sumatra and Thailand (Mae Klong River) 
end members, Sumatra sediment may influence these cores. Weathering of the basaltic region produces a large 
amount of smectite, which can result in smectite making up 90%–95% of the clay-size fraction under seasonal 
subtropical conditions (Liu et al., 2009). Although Sumatra is characterized by a tropical climate and smectite 
content only accounts for 19% of the volume content of all clay minerals (Liu et al., 2016), Sumatra has the rela-
tively highest smectite content in the southern part of the Sunda Shelf. If smectite on the Sunda Shelf derives from 
the basaltic province of Sumatra or the Mekong River basin, an increase in smectite contents would be associated 
with a decrease in the  87Sr/ 86Sr ratios and an increase in εNd values. Figure 8 presents the  87Sr/ 86Sr ratios and 
εNd versus each clay mineral content for samples from cores BT-7 and CJB01-64.  87Sr/ 86Sr ratios and smectite 
contents of core BT-7 display positive correlations (R 2 = 0.41, P < 0.01) (Figure 8a), and εNd values and smectite 
contents display weak negative correlations (R 2 = 0.17, P < 0.05) (Figure 8c). Therefore, the smectite of core 
BT-7 could not derive from Sumatra's Rivers but must instead derive mainly from the Mae Klong River, which is  
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Figure 4.  Clay mineral and Sr-Nd isotopic variations of core BT-7 in the Gulf of Thailand (in the northern Sunda Shelf) since 
the last deglaciation. (a–d) Clay mineral variations of core BT-7. (e and f) Sr-Nd isotopic variations of core BT-7. The dashed 
line at approximately 7.5 cal ka BP indicates the boundaries of the clay mineral and Sr-Nd isotopic transitions at core BT-7.

 21699011, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JF007335 by Portail B

ibC
N

R
S IN

SU
, W

iley O
nline L

ibrary on [12/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Earth Surface

WU ET AL.

10.1029/2023JF007335

14 of 26

characterized by high smectite contents (from 41% to 55%) (Wu, 2023), as well as high  87Sr/ 86Sr ratios (0.7390) 
and low εNd values (−14.1) (Figure 7). Negative correlations between illite contents and  87Sr/ 86Sr ratios of core 
BT-7 (R 2 = 0.58, P < 0.01) (Figure 8b) and positive correlations between illite contents and εNd values (R 2 = 0.36, 
P < 0.01) (Figure 8d) suggest that higher illite contents correspond to lower  87Sr/ 86Sr ratios and higher εNd 
values. The Mekong River, characterized by high illite contents, as well as lower  87Sr/ 86Sr ratios (0.7203–0.7222) 
and higher εNd values (−10.1 to −9.8) (Liu et al., 2007), is therefore likely to be the main source of illite.

The isotopic characteristics suggest that sediments deposited during the 13.3–7.5 cal ka BP interval are derived 
from the mixing of Mekong River and Mae Klong River end members (Figure 7b), with a 50%–60% contribu-
tion from the Mekong River end member. For the 7.5–0 cal ka BP period, the samples are closer to the Mekong 
River end member, suggesting a greater contribution from the Mekong River (65%–90%) to the Gulf of Thailand 
after 7.5 cal ka BP. Although the Sr isotopes could be influenced by chemical weathering, the Nd isotope is not 
affected by weathering and it is closer to the Mekong River end member (Figure 7b). Sediments deposited off 
Cape Camau, close to the Gulf of Thailand, have similar Sr and Nd isotopic compositions to the Mekong River 

Figure 5.  The spatial distribution of clay mineral percentages in the central Sunda Shelf off the Malay Peninsula. (a) Illite. (b) Chlorite. (c) Kaolinite. (d) Smectite. The 
kriging method was used to perform the interpolations with the clay data.
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(Chen, 2020), indicating that sediment in Cape Camau is transported from the Mekong River (Xue et al., 2010). 
Core T93, from the Gulf of Thailand close to core BT-7, shares similar Sr and Nd isotopic distributions and vari-
ation trends with core BT-7 for the 13.3–7.5 cal ka BP and 7.5–0 cal ka BP time intervals (Figure 7b). Thus, the 
Gulf of Thailand received higher sediment contributions from the Mekong River after 7.5 cal ka BP.

Figure 6.  Clay mineral and Sr-Nd isotopic variations of cores CJB01-64 and CJB01-75 in the central Sunda Shelf since the 
last deglaciation. (a–d) Clay mineral variations of two cores. (e–h) Sr-Nd isotopic variations of <63 and <2 μm fractions 
of two cores. Solid circles and hollow circles represent cores CJB01-64 and CJB01-75, respectively. The dashed line at 
approximately 7.5 cal ka BP indicates the boundaries of the clay mineral and Sr-Nd isotopic transitions at core CJB01-64.
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5.1.1.2.  Sediment Sources of the Central Sunda Shelf: Cores CJB01-64 and CJB01-75

As for the core located in the Gulf of Thailand (BT-7), there were positive correlations between smectite contents 
and  87Sr/ 86Sr ratios of core CJB01-64 (R 2 = 0.54, P < 0.01) (Figure 8a), and weak negative correlations between 
smectite contents and εNd values (R 2 = 0.28, P < 0.05) (Figure 8c). This indicates that the smectite in core 
CJB01-64 does not derive from the weathering of volcanic rock in the Sumatra River basin but probably also 
derives mainly from the Mae Klong River. In addition, negative correlations between  87Sr/ 86Sr ratios and illite 
contents of core CJB01-64 (R 2 = 0.53, P < 0.01) (Figure 8b) and positive correlations between εNd values and 
illite contents (R 2 = 0.30, P < 0.05) (Figure 8d) suggest that the illite derives mainly from the Mekong River 
basin.

Sr and Nd isotopic compositions obtained on the <63 μm sediment fraction of core CJB01-64 also mainly fit 
along a mixing curve between the Mekong River and Mae Klong River end members (Figure 7b). It seems that 
the Mekong River end member has higher sediment contributions during the 7.5–0 cal ka BP period (80%–90%) 
than 13.3–7.5 cal ka BP (70%–80%) of core CJB01-64. The samples of 7.5–0 cal ka BP period of core CJB01-
64 are not located on the mixing curve between the Mekong River and Mae Klong River end members. For 
the  87Sr/ 86Sr values, the samples are closer to the source of the Mekong/Chao Phraya River. However, for the εNd 
values, the samples are slightly closer to the source of the Mae Klong River. The Nd isotope is more reliable in 
tracing the provenance compared to the Sr isotope. Therefore, we suggest that the samples of 7.5–0 cal ka BP are 
slightly closer to the Mae Klong River end member.

Figure 7.   87Sr/ 86Sr ratios versus εNd diagram. (a)  87Sr/ 86Sr ratios versus εNd diagram for samples from cores BT-7 and T93 (Chen, 2020) (decarbonated sediments) 
from the Gulf of Thailand and cores CJB01-64 and CJB01-75 (<63 μm fractions) from the central Sunda Shelf, potential river end members represented by ellipses 
(<63 μm fractions), including the Mekong River (Liu et al., 2007 and this study), Chao Phraya River (Thailand), Mae Klong River (Thailand), Kelantan River (Malay 
Peninsula), Batang Hari River (Sumatra), and Rajang River (Borneo), and tectonic terranes represented by rectangles, including Indochina (Lan et al., 2003), Sibumasu 
(Jiang et al., 2017), west Sumatra (Zhang et al., 2020), and Lincang (Deng et al., 2018) terranes (see Figure 1c). (b) A zoomed-in detail of (a) to show sediment source 
variations of two periods (e.g., 13.3–7.5 ka and 7.5–0 ka) in the Gulf of Thailand and central Sunda Shelf. The concentrations of Sr and Nd used to calculate the mixing 
of sediments are from Liu et al. (2007) (Mekong River), Qiao et al. (2015) (Chao Phraya River and Mae Klong River), Wu et al. (2019, 2022) (Kelantan River), Liu 
et al. (2016) (Hari River). Thailand (Chao R) = Chao Phraya River in Thailand, Thailand (Mae R) = Mae Klong River in Thailand.
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Sediments from core CJB01-75 during the 7.5–0 cal ka BP period fall on the mixing curve between the Mekong 
River and Mae Klong River end members. The Mae Klong River end member contributes 30%–40% sediment 
source to core CJB01-75, which is higher than that during the 13.3–7.5  cal  ka BP period of core CJB01-64 
(20%–30%) (Figure 7b). Therefore, cores in the central Sunda Shelf received more sediment contributions from 
the Mae Klong River after 7.5 cal ka BP.

5.1.2.  Clay Mineral Evidence

Clay mineralogical results obtained in this study are plotted in the ternary diagram of (illite + chlorite)-kaolinite-smec-
tite (Figure 9), together with previous results for rivers around the Sunda Shelf (Liu et al., 2016). Clay mineral 

Figure 8.   87Sr/ 86Sr and εNd compositions versus smectite and illite contents for samples from core BT-7 in the Gulf of Thailand and core CJB01-64 in the central 
Sunda Shelf. (a and b)  87Sr/ 86Sr versus smectite and illite contents. (c and d) εNd compositions versus smectite and illite contents. Red-filled circles and blue hollow 
circles represent cores BT-7 and CJB01-64, respectively.
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assemblages allow us to distinguish six sedimentary provinces characterized by different compositions. These 
sedimentary provinces consist of the Mekong River, the rivers of northern Thailand, the rivers of southern Thai-
land, rivers of the east Malay Peninsula, rivers of northern Borneo, and rivers of northern Sumatra. The clay 
mineral assemblages from the Mekong River are dominated by illite (average 37%) and kaolinite (average 31%). 
The clay mineral assemblages of the rivers of northern Thailand consist predominantly of smectite (average 43%) 
and kaolinite (average 27%), while those of the rivers of southern Thailand are dominated by kaolinite (average 
42%) and smectite (average 25%). The rivers of the Malay Peninsula display a predominance of kaolinite (aver-
age 62%). The clay mineral assemblages of Borneo's rivers consist mainly of illite (average 56%), whereas rivers 
of Sumatra are dominated by kaolinite (average 57%) and smectite (19%) (Figure 3b; Table S2 in Supporting 
Information S1).

5.1.2.1.  Sediment Sources of the Gulf of Thailand: Core BT-7

For core BT-7, located in the Gulf of Thailand, clay mineral assemblages of sediments from 13.3 to 7.5 cal ka BP 
fall within the range for northern Thailand's rivers (Figure 9a), which are characterized by relatively high smectite 
contents (40%–60%). After 7.5 cal ka BP, the clay mineralogical results are also mainly plotted on the curves 
of northern Thailand's rivers but are characterized by lower smectite contents (25%–50%) and higher illite and 
chlorite contents (30%–50%), suggesting the mixing of other sources characterized by high illite and chlorite 
contents. In Figure 9a, clay mineral assemblages of sediments of core BT-7 fit on a mixing line between northern 
Thailand's rivers and the Mekong River, suggesting that higher illite and chlorite contents derive mainly from the 
Mekong River, which is in agreement with the Sr-Nd isotopic results (Figure 7b).

5.1.2.2.  Sediment Sources of the Central Sunda Shelf: Cores CJB01-64 and CJB01-75

The clay mineralogical composition of surface sediments from the central Sunda Shelf lines up on a straight line, 
which plots between the field of the mineralogical composition of the Mekong River and the rivers of northern 
Thailand (Figure 9b). This suggests that the clay mineral composition of the central Sunda Shelf results from the 
mixing of clay inputs from these two sedimentary sources. Clay minerals from northern Thailand's rivers could 
be transported to the southern Gulf of Thailand via the sea surface currents associated with the northeastern 
monsoon (Shi et al., 2015). Illite and chlorite of surface sediments on the central Sunda Shelf are concentrated 
in the northeast region (Figures 5a and 5b). Mekong River sediments dominated by illite (average 37%) can be 
transported to the northeastern region of the central Sunda Shelf (Liu et al., 2016). Strong northeastern monsoon 
in winter causes dominant southwestward surface currents, permitting the transport of a large amount of Mekong 
River-suspended sediment toward the southwest (Figure 1d; Xue et al., 2010, 2012). The Mekong River sediment 
then enters the Sunda Shelf under cyclonic circulation in the southern SCS.

The Malay Peninsula is a potential source for the central Sunda Shelf due to its proximity. Kaolinite is the major 
clay mineral in the Malay Peninsula's rivers. The distribution of kaolinite contents in Figure 5c indicates that sedi-
ments from the rivers of the Malay Peninsula are mainly deposited in the offshore area and contribute only very 
slightly to the central shelf. During the last deglaciation, sediments from the Malay Peninsula were transported 
directly into the southern SCS. As the sea level rose, no significant increase in kaolinite content was found in the 
cores from the central Sunda Shelf before 7.5 cal ka BP (Figure 6). Besides, the modern circulation system on 
the Sunda Shelf was formed at around 9.5 ka (Hanebuth et al., 2011); however, there is no significant change in 
kaolinite content in this period (Figure 6). Therefore, the sea level and monsoon had little influence on the supply 
of sediment from the Malay Peninsula to the central Sunda Shelf since the last deglaciation. A similar phenom-
enon is also observed in the Pearl River mouth on the northern shelf of the SCS and is mainly due to the rapid 
sedimentation of kaolinite in a marine environment (Liu et al., 2010, 2016). Although smectite may also settle in 
the estuary (Li et al., 2020), kaolinite generally has a larger grain size than smectite (Chamley, 1989), and thus, 
kaolinite is more susceptible to settling than smectite in the river mouth.

The clay mineral variations of core CJB01-64 fall into two periods: 13.3–7.5 cal ka BP and 7.5–2.6 cal ka BP. 
From 13.3 to 7.5 cal ka BP, the clay mineralogical compositions, characterized by high illite and chlorite contents 
(35%–50%) and moderate smectite contents (25%–45%), mainly fall between fields of the mineral compositions of 
river sediments from northern Thailand's rivers and the Mekong River (Figure 9b). During the 7.5–2.6 cal ka BP 
time interval, the clay mineral assemblages are mainly plotted within the mineralogical range of northern Thai-
land's rivers, which is characterized by higher smectite contents (45%–65%) and lower illite and chlorite contents 
(20%–35%) than the previous period. The kaolinite contents show no significant variations (15%–25%) between 
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Figure 9.  Ternary diagram of clay mineral groups (illite + chlorite)-kaolinite-smectite. (a) Clay mineral diagram of core BT-7 from the Gulf of Thailand. (b) Clay 
mineral diagram of cores CJB01-64 and CJB01-75 from the central Sunda Shelf. The orange arrows indicate the variation trends of clay mineral assemblages during the 
13.3–7.5 cal ka BP and 7.5–0 cal ka BP time intervals.
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these two-time intervals. The clay mineral compositions of sediments from the late Holocene (4.0–1.2 ca ka BP) 
of core CJB01-75 fall into the same range as core CJB01-64 with the same time interval, indicating that clay 
minerals of core CJB01-75 also derive mainly from the rivers of northern Thailand (Figure 9b). If the change in 
clay mineral contents in cores CJB01-75 and CJB01-64 is caused by weathering, the increase in smectite contents 
of these cores should be due to enhanced chemical weathering. However, the corresponding chemical weathering 
became weaker due to the weakened East Asian summer monsoon after 7.5 cal ka BP (Dykoski et al., 2005). 
Therefore, the changes in clay minerals should not be caused by changes in chemical weathering, but are more 
likely to be due to changes in sediment sources.

These results obtained on cores CJB01-64 and CJB01-75 suggest that before 7.5 cal ka BP, clay mineral assem-
blages resulted mainly from the mixing of material from northern Thailand's rivers and the Mekong River. The 
contribution of clay from the Mekong River to the central Sunda Shelf decreased after 7.5 cal ka BP. The detrital 
material from northern Thailand's rivers then becomes the dominant source of clay minerals after 7.5 cal ka BP, 
which is also in agreement with the Sr-Nd isotopic results (Figure 7b). The smectite content of the Mekong River 
did not significantly change after 13 cal ka BP (Colin et al., 2010). In particular, at 7.5 cal ka BP, no significant 
change in smectite content was observed in the core of Colin et al. (2010). This suggests that the Mekong River 
did not produce more smectite in the past or that the smectite reduced at 7.5 cal ka BP. Although Sr isotopes 
may be affected by weathering, no significant correlation could be observed between Sr isotopes and chemical 
weathering index (CIA) of sediments from rivers surrounding the Sunda Shelf (R 2 = 8.82 × 10 −5) and core BT-7 
(R 2 = 0.34) (Liu et al., 2016; Zhang et al., 2021), suggesting that Sr isotopic composition of the area around the 
Sunda Shelf is little affected by chemical weathering.

The records in the late Holocene in the cores did not present any significant variations. Changes in sedi-
ment flux due to anthropogenic impacts occurred after the dams were built in the 1990s in southeast Asia (Li 
et al., 2017). Therefore, the transition at 7.5 cal ka BP cannot be attributed to human activity. The major clay 
mineral composition (illite) of the Mekong River had a decreasing trend since the Holocene (Colin et al., 2010), 
whereas the chemical weathering has decreased since the Mid-Holocene, suggesting that the clay mineral 
composition of the Mekong River has not been affected by chemical weathering since the Holocene. Although 
variations of clay mineral compositions in the northern Thailand rivers through the Holocene are not availa-
ble, if the drainages of the northern Thailand rivers were affected by chemical weathering, then smectite and 
kaolinite contents should have been higher in the early Holocene than at present. At least smectite remained the 
dominant clay mineral component of northern Thailand rivers during the Holocene. Indeed, smectite contents 
in core BT-7 were higher in the early Holocene than in the late Holocene, but kaolinite contents did not signifi-
cantly change, which may be due to the different responses of smectite and kaolinite to bedrock and weathering 
in river drainages. However, the Sr-Nd isotopic evidence of sediment sources in the cores displays similar 
results with the clay minerals, which further indicates that the clay minerals are not significantly affected by 
chemical weathering.

5.2.  East Asian Monsoon and Sea Level Control of Sediment Transport on the Sunda Shelf Since the 
Last Deglaciation

5.2.1.  East Asian Monsoon and Sea Level Change Control Sedimentary Records

Clay mineralogical ratios and Sr-Nd isotope variations have been compared with core MD97-2150 in the southern 
SCS and core T93 in the Gulf of Thailand (Figure 1a) to determine the main climatic processes (monsoon and/or 
sea level) responsible for changes in sediment transportation patterns on the Sunda Shelf and to the southern SCS 
deep-basin since the last deglaciation (Figure 10). The site of core MD97-2150 was located off the mouth of the 
Paleo-Mekong during a glacial low sea-level stand (Liu et al., 2004). The illite content of the Mekong River sedi-
ments has decreased since the last deglaciation (Colin et al., 2010), suggesting that illite from the Mekong River 
was not affected by weathering during this stage. Although the exact clay mineral content during the last deglacia-
tion was unknown, smectite remains the dominant clay mineral component of the northern Thailand rivers due to 
its dominant smectite content and smectite-dominated soil (Figure 3; Yoothong et al., 1997). Thus, the smectite/
illite ratios of the Gulf of Thailand cores can be used to evaluate the variations of contributions between northern 
Thailand's rivers and the Mekong River. The smectite/illite ratios and Sr-Nd isotopes of sediments from cores 
BT-7, T93, CJB01-64, CJB01-75, and MD97-2150 all display obvious changes at around 7.5 cal ka BP but with 
different variation trends before and after 7.5 cal ka BP since the last deglaciation (Figure 10).
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During the 13.3–7.5 cal ka BP time interval, relatively stable smectite/illite 
ratios and Sr-Nd isotopic compositions of these cores indicate stable sediment 
sources. The winter monsoon was weaker, whereas the summer monsoon 
was stronger along with strengthening summer insolation (Figures 10l–10n; 
Dykoski et al., 2005; Yancheva et al., 2007). The relative sea level gradually 
rose during this period (Figure 10o; Hanebuth et al., 2011). The clay minerals 
of core MD97-2150 derive from the Mekong River (Colin et al., 2010; Liu 
et  al.,  2004), while the major sediment sources of cores from the Gulf of 
Thailand (BT-7 and T93) are northern Thailand rivers and clay minerals of 
core from the central Sunda Shelf (CJB01-64) are from northern Thailand 
rivers and the Mekong River. Clay mineralogy and Sr-Nd isotopic compo-
sitions of cores CJB01-64, MD97-2150, and BT-7 indicate higher contribu-
tions of Mekong River sediments to the central Sunda Shelf and the southern 
SCS (Figures 10a–10c). The strong East Asian summer monsoon could have 
strengthened the southwest monsoon current and contributed to the eastward 
transport of Mekong River sediment into the southern SCS, although the 
paleovalley was gradually flooded as the sea level rose.

During the 7.5–0  cal  ka  BP time interval, the smectite/illite and  87Sr/ 86Sr 
ratios of cores from the Gulf of Thailand (BT-7 and T93) exhibit a decrease, 
while the εNd values display an increasing trend (Figures 10a, 10d, 10e, 10h, 
and 10i). On the contrary, the smectite/illite ratios of cores CJB01-64 (central 
Sunda Shelf) and MD97-2150 display variation trends opposite to those of 
core BT-7 (Gulf of Thailand). The clay mineral sources for sediments from 
cores BT-7, CJB01-64, and MD97-2150 over this period were therefore 
different from those in the 13.3–7.5 cal ka BP period. Sediments from the 
Gulf of Thailand (core BT-7) received a higher contribution from sediments 
from the Mekong River. In contrast, sediments from the central Sunda Shelf 
(core CJB01-64) display a lesser contribution from the Mekong River after 
7.5 cal Kyr BP. Such variations in sediment sources observed in the central 
Sunda Shelf are also in agreement with clay mineralogical results from core 
MD97-2150, which also suggest a decreased contribution of illite deriving 
from the Mekong River (Colin et al., 2010).

The relative sea level had a last pulse rise at around 7.5 cal ka BP (Hanebuth 
et  al.,  2011) and then remained relatively stable until the present time 
(Figure 10o). The Mekong River delta started to form after 8–7.5 cal ka BP in 
conjunction with sea-level rise (Tamura et al., 2009; Tjallingii et al., 2010), while 
the Chao Phraya River and Mae Klong River delta similarly initiated over the 
last 8–7 cal ka BP, forming the central plain of Thailand (Tanabe et al., 2003). 
Accumulation rates were greatly reduced in the Paleo-Mekong River valley after 
the river-mouth system flooded and stepped back, which affected the sediment 
supply to deeper parts of the southeast Vietnamese shelf (Tjallingii et al., 2010). 
Due to rapid flooding between 9.5 and 8.5 cal ka BP, a portion of the Mekong 
River sediment started to deposit in the Cambodian lowlands. Meanwhile, the 
winter monsoon was stronger, whereas the summer monsoon was weaker along 
with weakening summer insolation since 9 cal ka BP (Dykoski et  al.,  2005; 
Yancheva et al., 2007). A strong winter monsoon could have been responsible 
for a stronger southwestward coastal current which could have efficiently trans-
ported more Mekong River sediments southwestward into the Gulf of Thailand 
after 7.5 cal ka BP. Additionally, the grain size of cores in the Gulf of Thailand 
and the central Sunda Shelf both become coarser after 7.5 cal ka BP, indicating 

hydrodynamic enhancement (Figure 2). Intensifying winter monsoon increased not only physical erosion but also 
surface current, causing a coarser grain size after 7.5 cal ka BP. Cores from the Gulf of Thailand and the central Sunda 
Shelf have been flooded since the Holocene (Sathiamurthy & Voris, 2006). With the sea level rising and estuaries 

Figure 10.  Comparison of the sedimentary record, climate, and sea-level 
changes. (a–c) Smectite/illite ratio variations of cores BT-7, MD97-2150 (Liu 
et al., 2004), CJB01-64, and CJB01-75. (d–k) Sr-Nd isotopic variations in 
cores BT-7, T93 (Chen, 2020), CJB01-64, and CJB01-75. (l and m) Winter 
and summer East Asian monsoon intensities (Dykoski et al., 2005; Yancheva 
et al., 2007). (n) Insolation received by the earth at 25°N of latitude during 
boreal summer (Dykoski et al., 2005). (o) Sea-level change (Bird et al., 2010; 
Geyh et al., 1979; Hanebuth et al., 2000; Hesp et al., 1998; Kamaludin, 2001; 
Tam et al., 2018; Tamura et al., 2009). The dashed line at approximately 
7.5 cal ka BP indicates the boundaries of the sedimentary and climatic 
transitions at cores from the Sunda Shelf and southern SCS.
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retreating, the study cores received less coarse terrigenous sediment at 7.5 cal ka BP, which suggests that the coarsen-
ing grain size at 7.5 cal ka BP did not reflect the avulsion of the depositional lobes.

In addition, a morphological investigation of the Mekong River delta has shown a large down-drift of sediment 
and a rapid progradation over the past 3 cal ka BP around Cape Camau (Xue et al., 2010). The strong southwest-
ward coastal current forced by the strong northeast monsoon plays an important role in the longshore transport 
of resuspended sediments into the Gulf of Thailand (Xue et al., 2010, 2012). Consequently, less sediment from 
the Mekong River was transported and deposited toward the southeastern shelf into the deeper SCS and core 
MD97-2150 after 7.5 cal ka BP. This is also associated with less sediment transported from the Mekong River 
into the central Sunda Shelf (cores CJB01-64 and CJB01-75), while more sediments from the Mekong River were 
transported into the Gulf of Thailand (cores BT-7 and T93).

5.2.2.  Sediment Transport Model on the Sunda Shelf Since the Last Deglaciation

Based on reconstructions of the paleo-coastline since the last termination (Hanebuth et al., 2011; Sathiamurthy & 
Voris, 2006), we can propose a sediment transport model for the Gulf of Thailand and central Sunda Shelf since 
the last deglaciation. In Figure 11, the transport model is displayed for three time slices: at 12.7 cal ka BP (−60 m 
below modern sea level), 10.8 cal ka BP (−40 m), and 7.2 cal ka BP (−5 m).

At 12.7 cal ka BP, corresponding to the Younger Dryas event (12.87–11.9 cal ka BP; Cheng et al., 2020), the 
central Sunda Shelf was largely exposed. The Paleo-Mekong River sediments were directly transported into 
the southern SCS (core MD97-2150) through the Paleo-Mekong River valley. The Paleo-Chao Phraya River/
Mae Klong River transported sediments into the central Gulf of Thailand (cores BT-7 and T93) and the central 
Sunda Shelf (core CJB01-64) along the paleo-Chao Phraya River valley (Figure 11a). We found that the base of 
the core BT-7 did not show an exposed terrestrial structure (Figure S1 in Supporting Information S1). The main 
components are still clay and silt and there are some stratified layers of plant debris and a lack of bioclastic debris. 
Therefore, it may be a swampy environment near a tributary of the Paleo-Chao Phraya River. Due to the proximity 
of the central Sunda Shelf (core CJB01-64) to the Indochina Peninsula over this period, the central Sunda Shelf 
also received detrital material from the Mekong River.

At 10.8 cal ka BP, the inner shelf region was flooded. However, the Paleo-Mekong River mouth was still close 
to core MD97-2150 and transported sediment into the southern SCS. A portion of the Mekong River sediments 
would have been transported to the central Sunda Shelf (core CJB01-64) under the southwest monsoon coastal 
current. The Paleo-Chao Phraya River/Mae Klong River sediments along the paleovalley were transported to the 
northern Gulf of Thailand and further to the middle Gulf of Thailand and the central Sunda Shelf via the coastal 
current (Figure 11b).

At 7.2  cal  ka  BP, the initiation of the Mekong River delta and coastal aggradation at the Mekong River 
estuary occurred in conjunction with the inundation of the Sunda Shelf. The sedimentary color difference in 
core BT-7 at about 7.5 cal ka BP may also indicate the flooding of the Sunda Shelf (Figure S1 in Supporting 
Information S1). Meanwhile, Mekong River sediments were transported to the southwest and into the Gulf of 
Thailand as a result of the progressive intensification of the East Asian winter monsoon. Submerging of the 
Paleo-Mekong/Chao Phraya valley led to a decrease in the number of Mekong River sediments transported to 
the margin of the southern SCS (core MD97-2150) and the central Sunda Shelf (cores CJB01-64 and CJB01-
75). The reinforcement of the surface cyclonic circulation on the Sunda Shelf, due to stronger East Asian 
winter monsoon wind, transported sediments from the Mekong River into the Gulf of Thailand and then to 
the central Sunda Shelf where it mixed progressively with sediments from the rivers of northern Thailand 
(Figure 11c).

6.  Conclusions
In this study, we have investigated grain size distribution, clay mineral assemblages, and Sr-Nd isotopic compo-
sition of sediment samples from rivers surrounding the Sunda Shelf, from the surface of the central Sunda Shelf 
off the Malay Peninsula, and from three gravity cores located in the central Sunda Shelf (CJB01-64 and CJB01-
75) and the middle Gulf of Thailand (BT-7). Our aim has been to reconstruct the provenance of the sediments at 
an extremely high temporal resolution and to reveal the mechanism that triggered changes in the distribution of 
sediments on the paleo-Sunda Shelf since the last deglaciation. We conclude that:
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1.	 �Clay mineral assemblage combined with Sr and Nd isotopic compositions allows us to discriminate sediments 
deriving from rivers surrounding the Sunda Shelf. The clay mineral assemblages of cores from the Sunda 
shelf are dominated by smectite (25%–66%) and kaolinite (21%–76%), with lesser amounts of illite (8%–31%) 
and chlorite (9%–21%). Sr and Nd isotopes obtained on the clay-sized fraction combined with clay mineral 
contents indicate that most of the smectite from the paleo-Sunda Shelf does not derive from weathering of 
the basaltic province of Sumatra or the Mekong River basin but derives from northern Thailand. Illite and 
chlorite derive mainly from the Mekong River. Kaolinite, which is a dominant mineral in rivers of the Malay 
Peninsula, is deposited in the offshore area and contributes only very slightly to the central Sunda Shelf. We 
have thus demonstrated that sediments of the central Sunda Shelf and the Gulf of Thailand result from changes 
in the relative contributions from the Mekong River and the rivers of northern Thailand (Chao Phraya River, 
Mae Klong River, Tha Chin River, and Bang Pakong River).

2.	 �Clay mineral assemblages and Sr-Nd isotopic compositions of core BT-7 in the Gulf of Thailand and 
cores CJB01-64 and CJB01-75 in the central Sunda Shelf display opposite changes in sediment sources at 
7.5 cal ka BP. From 13.3 to 7.5 cal ka BP, sediments of the Gulf of Thailand were derived from the rivers 
of northern Thailand, whereas the Gulf of Thailand received a greater contribution of sediments from the 
Mekong River after 7.5 cal ka BP. In contrast, sediments of the central Sunda Shelf predominantly derive from 
the rivers of northern Thailand and the Mekong River during the 13.3–7.5 cal ka BP period, while the central 
Sunda Shelf received less sediment from the Mekong River after 7.5 cal ka BP.

3.	 �The East Asian monsoon and sea-level changes have modified sediment sources and transport on the Sunda 
Shelf since the last deglaciation. During the 13.3–7.5 cal ka BP time interval, the summer monsoon was strong 

Figure 11.  Transport model of sediments around the Sunda Shelf since the last deglaciation: (a) 12.7 cal ka BP (−60 m below modern sea level); (b) 10.8 cal ka BP 
(−40 m); (c) 7.2 cal ka BP (−5 m). Maps are adapted from Sathiamurthy and Voris (2006) and Hanebuth et al. (2011).
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and controlled the discharge of Mekong River sediments toward the southeast and into the deep sea in the 
southern SCS. At around 7.5 cal ka BP, the rapid sea level rise resulted in major flooding of the shelf, while 
the East Asian winter monsoon became stronger. There was a drop in the amount of sediment transported from 
the Mekong River toward the southeast into the southern SCS, and more sediments from the Mekong River 
were gradually trapped in the estuary and transported southwesterly into the Gulf of Thailand due to a strong 
southwestward coastal current. Consequently, the Mekong River contributed more sediments to the Gulf of 
Thailand after 7.5 cal ka BP and less to the central Sunda Shelf.

Data Availability Statement
The data in this work are available at Wu (2023) with open access to download the data set. DOI: https://data.
mendeley.com/datasets/wvb2sdpwtk/1.
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