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Abstract 10 

Major-element geochemistry from two Cores MD05-2899 and MD05-2901 off central Vietnam in 11 

the lower continental slope of the western South China Sea is investigated to reconstruct a 12 

history of terrigenous sediment variations and East Asian monsoon evolution during the last 13 

glacial-interglacial cycle. The results suggest that the Pearl River can play a more important role 14 

in contributing terrigenous sediments to the western South China Sea than the Red River in the 15 

north, while the Mekong River can transport more terrigenous sediments to the region than the 16 

Sunda shelf and the Indonesian islands in the south. The Pearl River provides terrigenous 17 

sediments with higher Al2O3, but lower K2O, MgO, and Fe2O3 (Total Fe) than the Mekong River. 18 

K2O/Al2O3, MgO/Al2O3, and Fe2O3/Al2O3 ratios are then used as proxies to trace terrigenous 19 

sediment variations in the western South China Sea. Higher K2O/Al2O3, MgO/Al2O3, and 20 

Fe2O3/Al2O3 ratios indicate strengthened terrigenous sediments input from the southern source 21 

and lower the ratios suggest increased terrigenous sediments received from the northern 22 

source. These ratios show a glacial-interglacial cycle over the past 130 ka, implying a close 23 

relationship with the East Asian monsoon evolution. Northward surface currents forced by 24 

strengthened summer monsoon during interglacial periods bring relatively higher amounts of 25 

terrigenous sediments from the southern source to the western South China Sea, while 26 
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relatively higher amounts of terrigenous sediments from the northern source are transported to 27 

the western South China Sea by southward surface currents in strengthened winter monsoon 28 

during glacial periods. Our study indicates that the terrigenous sediment variations in the 29 

western South China Sea are significantly controlled by surface currents under the strong 30 

influence of the East Asian monsoon evolution during the last glacial-interglacial cycle. 31 

 32 

Keywords: Major-element geochemistry; Terrigenous sediments; Last glacial-interglacial cycle; 33 

East Asian monsoon; Western South China Sea 34 

 35 

1. Introduction 36 

The East Asian monsoon system is a significant component of both the global as well as 37 

the regional climatic system, and it controls the summer and winter monsoon winds, seasonal 38 

precipitation, and runoff regimes over Southeast Asia (Webster, 1994). The East Asian 39 

monsoon is characterized by seasonal changes in wind patterns, temperature, and moisture 40 

(Chu and Wang, 2003). In summer, the monsoon can bring warmer and higher moisture from 41 

the ocean to the continent, whilst in winter it can cause the land colder and drier. The East 42 

Asian monsoon evolution strongly impacts the weathering process on the land, and the 43 

biological process and paleoenvironmental evolution in the sea (Jian et al., 2001; Liu et al., 44 

2003, 2004, 2007a, 2012; Wan et al., 2007; Colin et al., 2010; Clift et al., 2014). Therefore, 45 

marine sediments contain significant information to be widely used for investigating the 46 

influence of the East Asian monsoon evolution at different geological timescales. The South 47 

China Sea is the largest marginal sea in the western Pacific, and surface-water circulations in 48 

this area are strongly forced by the East Asian monsoon evolution (Wang et al., 1995; Fig. 1). 49 

Generally, surface currents in the South China Sea are seasonal; the northward surface 50 

currents are strongly forced by the summer monsoon, while the southward surface currents are 51 

significantly controlled by the winter monsoon. The pathways of suspended sediment transports 52 
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in the South China Sea can be changed by the impacts of the surface currents following 53 

seasonal wind patterns (Liu et al., 2003, 2007b, 2016). The western South China Sea is 54 

encompassed by South China to the north, the Indochina Peninsula to the west, and the Malay 55 

Peninsula and Sumatra to the south (Fig. 1). This area receives larger amounts of suspended 56 

sediments by numerous surrounding rivers including several of the world’s largest rivers (i.e., 57 

the Mekong River, the Red River, and the Pearl River) (Milliman and Farnsworth, 2011; Liu et 58 

al., 2016). Following Liu et al. (2016), clay minerals in the western South China Sea mainly 59 

originate from the Mekong River, the Indonesian island, and the Sunda shelf in the south and 60 

the Pearl River and the Red River in the north. Furthermore, variation in clay minerals in this 61 

area showed a close relationship with glacial-interglacial cyclicity. The western South China Sea 62 

is consequently an ideal area to investigate terrigenous sediment variations under the influence 63 

of the East Asian monsoon evolution. 64 

In the South China Sea, elemental geochemistry of terrigenous sediments plays a 65 

significant role in investigating terrigenous sediment variations and the East Asian monsoon 66 

evolution (Liu et al., 2004; Colin et al., 2010; Clift et al., 2014; Jiwarungrueangkul et al., 2019a, 67 

2019b; Sang et al., 2019). This suggests that major-element geochemistry of terrigenous 68 

sediments in the western South China Sea can reflect a history of terrigenous sediment 69 

variations and East Asian monsoon evolution. This study intends to investigate the sources and 70 

geochemical characteristics of terrigenous sediments through analyzing two sediment cores 71 

(MD05-2899 and MD05-2901) off central Vietnam in order to reconstruct the East Asian 72 

monsoon evolution during the last glacial-interglacial cycle.  73 

 74 

2. Material and methods 75 

Cores MD05-2899 (13o47.66’N, 112o10.89’E, water depth 2,393 m, core length 36.68 m) 76 

and MD05-2901 (14o22.50’N, 110o44.60’E, water depth 1,454 m, core length 36.49 m) were 77 

collected off central Vietnam in the lower continental slope of the western South China Sea 78 
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during the cruise MARCO POLO in 2005 (Laj et al., 2005; Fig. 1). The upper parts of two cores 79 

(upper 12.97 m for MD05-2899 and upper 13.50 m for MD05-2901) were used in this study in 80 

order to focus on the temporal interval of the last glacial-interglacial cycle. A total of 377 81 

samples (216 samples from MD05-2899 with a depth resolution of 6 cm and 161 samples from 82 

MD05-2901 with a depth resolution of 8 cm) were analyzed for major element geochemistry. 83 

Age models of these two cores were established by carbonate stratigraphy and oxygen isotope 84 

stratigraphy of planktonic foraminifera G. ruber (Liu et al., 2007b; He et al., 2012).  85 

Major elements were measured on bulk sediments by X-ray fluorescende (XRF) using a 86 

PANalytical AxiosMAX spectrometer at the State Key Laboratory of Marine Geology, Tongji 87 

University. Samples were air-dried and finely ground to powder with an agate mortar and pestle. 88 

About 4 g of the powder was mixed with H3BO3 as a substrate in a set of cylinder mold and then 89 

compressed under 40 MPa to obtain a pellet for analysis. Analytical precision and accuracy 90 

were monitored by measurements of national geostandards GSR-6 and GSD-15 provided by 91 

the National Research Center for Geoanalysis of marine sediments. Major-element oxides (i.e., 92 

SiO2, Al2O3, Fe2O3, MgO, CaO, K2O, Na2O, P2O5, TiO2, and MnO) were used to report the data. 93 

 94 

3. Results 95 

Major elements of Cores MD05-2899 and MD05-2901 mainly contain SiO2, Al2O3, Fe2O3, 96 

and CaO (totally about 74%), with low concentrations of MgO, K2O, Na2O, P2O5, TiO2, and MnO 97 

(totally about 8%) (Figs. 2 and 3; Supplementary Materials). In Core MD05-2899, SiO2, Al2O3, 98 

Fe2O3, MgO, K2O, and TiO2 concentrations display inverse correlations to CaO and P2O5. The 99 

SiO2, Al2O3, Fe2O3, MgO, K2O, and TiO2 contents have high values with little variability during 100 

the Marine Isotope Stage (MIS) 5 and low values from MIS 2–4 to the present. The CaO and 101 

P2O5 contents are characterized by low values with little variability during MIS 5 and increased 102 

values from MIS 2–4 to the present. However, variations in the Na2O and MnO contents show a 103 

different pattern to other oxides. The Na2O content doesn’t display a significant difference 104 
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between glacial and interglacial periods, while the MnO content displays increased values from 105 

early to end of MIS 5, then decreased values from MIS 4 to middle MIS 1, and finally increased 106 

values to the present. 107 

In Core MD05-2901, SiO2, Al2O3, Fe2O3, MgO, K2O, and TiO2 are generally inversely 108 

correlated with CaO, and their contents exhibit increased values during MIS 5 and 1 and 109 

decreased values during MIS 6 and 2–4. On the contrary, the CaO content shows decreased 110 

values during MIS 5 and 1 and increased content during MIS 6 and 2–4. Downcore variations of 111 

Na2O, P2O5, and MnO contents, however, show different patterns from the other oxides, 112 

unrelating to the glacial-interglacial cyclicity. The Na2O and MnO contents display insignificant 113 

variability during glacial and interglacial periods, while the P2O5 content shows little variability 114 

from MIS 6 to the present. 115 

 116 

4. Discussion 117 

To investigate terrigenous sediment variations and their implications for paleoenvironmental 118 

evolution in the South China Sea, it is necessary to document potential sources and transport 119 

processes of terrigenous sediments (Liu et al., 2004, 2005, 2007b, 2016; Huang et al., 2016). 120 

Generally, the large rivers can supply much sediment discharge to the South China Sea such as 121 

the Mekong River (166 Mt/yr), the Red River (138 Mt/yr), and the Pearl River (102 Mt/yr) 122 

(Milliman and Syvitski, 1992; Milliman and Farnsworth, 2011; Zhang et al., 2012). In the western 123 

South China Sea, terrigenous sediments can be mainly provided by the Mekong River, the 124 

Sunda shelf and the Indonesian islands in the south, and the Pearl and Red rivers in the north. 125 

Eolian dust contribution to the western South China Sea could be ignored based on previous 126 

studies on terrigenous clay minerals in this area (Liu et al., 2003, 2004), e.g., on Core MD05-127 

2901 (Liu et al., 2007b). Considering small drainage area, short length, and little sediment 128 

discharge from small mountainous rivers in central Vietnam (Liu et al., 2016), our study also 129 

believes that central Vietnam cannot contribute a valuable amount of terrigenous sediments to 130 
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the lower continental slope of the western South China Sea. Therefore, the western South 131 

China Sea can principally receive terrigenous sediments from important sources in the north 132 

and the south.  133 

Terrigenous sediment variations can be generally controlled by the weathering process in 134 

the source region under the influence of lithology, climate condition, and tectonic activity, but 135 

major element geochemistry of terrigenous sediments in the western South China Sea can 136 

mainly reflect changes in sediment sources between glacial and interglacial periods. The 137 

chemical weathering causes depletion of mobile elements (e.g., K, Na, Mg, and Ca) and 138 

enrichment of immobile elements (e.g., Al, Fe, and Ti) in weathering products (Nesbitt et al., 139 

1980). The behavior of major elements during the chemical weathering on the Earth’s surface 140 

can be conserved in sediments and they have been widely utilized to identify the altered 141 

pathway and to evaluate the intensive chemical weathering in the source region. Furthermore, 142 

the weathering process in the source region is significantly influenced by lithology, climate 143 

condition, and tectonic activity. This implies that parent rocks in different river drainage basins 144 

can be undergone by different weathering conditions and their elemental geochemistry can be 145 

presented by special features. To display the representation of elemental geochemistry in the 146 

studied area, chemical index of alteration (CIA), Al2O3 – (CaO + Na2O) – K2O (A-CN-K), and 147 

Al2O3 – (CaO* + Na2O + K2O) – (Fe2O3 + MgO) (A-CNK-FM) diagrams are employed in this 148 

study. CIA value is utilized to estimate the intensity of chemical weathering and it is calculated 149 

by the molar weight ratios of major oxides, CIA = [Al2O3/ (Al2O3 + CaO* + Na2O + K2O)] x 100, 150 

where CaO* is the amount of CaO incorporated in the silicate fraction (Nesbitt and Young, 1982, 151 

1989; McLennan, 1993; Nesbitt et al., 1996). 152 

All samples of Cores MD05-2899 and MD05-2901 are here grouped into two intervals: 153 

interglacial and glacial samples. The CIA values recorded in Core MD05-2899 are 62.2–68.3 154 

(average 65.1) with 62.2–67.4 for the interglacial interval and 63.1–68.3 for the glacial interval. 155 

The CIA values of Core MD05-2901 vary in the range of 60.8–70.4 (average 66.1) with 60.8–156 
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70.4 for the interglacial interval and 63.0–70.2 for the glacial interval (Figs. 4A and 5). Core 157 

MD05-2901 has similar CIA values to Core MD05-2899, implying that their source rock region 158 

could be influenced by similar weathering conditions or they are the same sediment sources. In 159 

general, the glacial interval of both cores displays higher CIA values than the interglacial interval 160 

(Figs. 4 and 5), suggesting that variations in CIA value in this studied area cannot express the 161 

influence of synchronous climate conditions between glacial and interglacial periods on the 162 

weathering process in the source region. Because interglacial periods are usually characterized 163 

by warm and humid climate conditions which should increase the chemical weathering in the 164 

source region, while glacial periods are frequently represented by cold and dry climate 165 

conditions which allow encouragingly developing the physical weathering. This means that 166 

variations in CIA value in this area can be highly impacted by changes in sediment sources 167 

instead of synchronous climate conditions in the source region (Fig. 5).  168 

Furthermore, weathering trends can be normally investigated based on A-CN-K and A-169 

CNK-FM ternary diagrams (Nesbitt and Young, 1984, 1989). All interglacial and glacial samples 170 

in two cores are lesser closes to the Al2O3 apex than reference data of the Pearl, Mekong, and 171 

Red rivers (Liu et al., 2007a) and Sumatra rivers (Liu et al., 2012; Fig. 4). Generally, cold and 172 

dry climate conditions during glacial periods caused weaker movement of mobile elements in 173 

weathering products than during interglacial periods. However, glacial samples show stronger 174 

leaching of elements (i.e., Ca, Na, K, Mg, Fe) than interglacial samples (Fig. 4), suggesting that 175 

movement of major elements in the A-CN-K and A-CNK-FM ternary diagrams can reflect 176 

variations in sediment sources between glacial and interglacial periods instead of synchronous 177 

weathering trends in the source region. Therefore, all variations in CIA value and movement of 178 

major elements in the A-CN-K, and A-CNK-FM ternary diagrams of both Cores MD05-2899 and 179 

MD05-2901 in the western South China Sea could be significantly forced by changes in 180 

sediment sources between glacial and interglacial periods.  181 
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In the western South China Sea, the southward surface currents can bring terrigenous 182 

sediments from the Pearl and Red rivers in the north, while the northward surface currents can 183 

transport terrigenous sediments from the Mekong River, the Sunda shelf, and the Indonesian 184 

islands in the south (Fig. 1). In the north, the Pearl River shows stronger chemical weathering 185 

states than in the Red River, implying higher CIA values and more depletion of major elements 186 

in the Pearl River, while the chemical weathering intensity in the Mekong River displays a 187 

weaker degree than in the Indonesian islands in the south, suggesting lower CIA values and 188 

lesser leaching of major elements in the Mekong River (Liu et al., 2007a, 2012; Fig. 4). 189 

Additionally, parent rocks in the Pearl River have been undergone by stronger chemical 190 

weathering than in the Mekong River, indicating higher CIA values and enhanced movement of 191 

major elements in the Pearl River (Fig. 4). Considering higher CIA values and stronger 192 

movements of major elements in the A-CN-K, and A-CNK-FM ternary diagrams for Cores 193 

MD05-2899 and MD05-2901 during the glacial interval than the interglacial interval, we believe 194 

that in the northern source the Pearl River can supply higher terrigenous sediments than the 195 

Red River to the western South China Sea, while in the south the Mekong River can contribute 196 

more terrigenous sediments to this studied area than the Indonesian islands and the Sunda 197 

shelf. This also indicates that the northern source can be principally represented by terrigenous 198 

sediments from the Pearl River, and terrigenous sediments in the Mekong River can reflect 199 

special features of the southern source.  200 

Reference data of the Pearl River is closer to the Al2O3 apex than reference data of the 201 

Mekong River (Fig. 4), suggesting that the Pearl River can contain terrigenous sediments with 202 

higher Al2O3, but lower K2O, MgO, and Fe2O3 than the Mekong River. This may also be 203 

supported by clay mineral contents in these rivers due to the Mekong River can provide more 204 

illite ((KxAl2(Si4-xAlx)O10(OH)2) and chlorite ((Mg,Fe)5(Al,Fe)2Si3O10(OH)8) with higher K2O, MgO, 205 

and Fe2O3 contents in the sediments, while the Pearl River consists mainly of kaolinite 206 

(Al2Si2O5(OH)4), including enrichment the sediment with Al2O3 (Chamley, 1989; Li and 207 
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Schoonmaker, 2003; Liu et al., 2007a) and the lower continental slope of the western South 208 

China Sea may mostly receive fine-grained materials primarily mainly of clay minerals owing to 209 

the cores’ distance from their sediment sources (Fig. 1). Therefore, K2O/Al2O3, MgO/Al2O3, and 210 

Fe2O3/Al2O3 ratios can be used to evaluate the relative proportion of terrigenous sediments from 211 

the Pearl River in the north versus terrigenous sediments from the Mekong River in the south. 212 

Hence, these ratios at both Cores MD05-2899 and MD05-2901 are useful proxies for 213 

reconstructing the history of terrigenous sediment input in the western South China Sea during 214 

the last glacial-interglacial cycle (Fig. 5). Higher K2O/Al2O3, MgO/Al2O3, and Fe2O3/Al2O3 ratios 215 

would correspond to increased terrigenous sediment input from the southern source, while 216 

lower ratios imply enhanced terrigenous sediments from the northern source. In Cores MD05-217 

2899 and MD05-2901, the K2O/Al2O3, MgO/Al2O3, and Fe2O3/Al2O3 ratios display similar 218 

changes following the glacial-interglacial cyclicity over the past 130 ka, suggesting a close 219 

relationship between terrigenous sediment variations and East Asian monsoon evolution. 220 

During the glacial MIS 6, the East Asian monsoon was characterized by strengthened 221 

winter monsoon and weakened summer monsoon, causing stronger southward surface currents 222 

in the western South China Sea. The southward surface currents could relatively transport 223 

higher terrigenous sediments from the northern source to the western South China Sea that is 224 

indicated by the relatively low 0.193–0.200 K2O/Al2O3, 0.169–0.194 MgO/Al2O3, and 0.348–225 

0.384 Fe2O3/Al2O3 ratios at Core MD05-2901 (Fig. 5). Variations in these geochemical proxies 226 

display a correspondence with planktonic foraminifera G. ruber δ18O records and a 227 

mineralogical indicator ((illite + chlorite)/kaolinite) of the East Asian monsoon evolution at Core 228 

MD05-2901 (Liu et al., 2007b). At the end of this period, increases in these ratios could concern 229 

with changes in sediment sources, implying that the southern source could supply more 230 

terrigenous sediments to the western South China Sea after this stage. This phenomenon could 231 

closely relate to abundant summer monsoon and prevailing northward surface currents in this 232 

studied area during the interglacial MIS 5. 233 
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During the interglacial MIS 5, the East Asian monsoon displayed stronger summer 234 

monsoon and weaker winter monsoon, resulting in strengthened northward surface currents in 235 

the western South China Sea. The northward surface currents relatively brought higher 236 

terrigenous sediments from the southern source to the region inferred by the relatively high 237 

0.200–0.218 K2O/Al2O3, 0.178–0.211 MgO/Al2O3, and 0.381–0.462 Fe2O3/Al2O3 ratios at Core 238 

MD05-2899 and 0.200–0.219 K2O/Al2O3, 0.193–0.208 MgO/Al2O3, and 0.383–0.424 239 

Fe2O3/Al2O3 ratios at Core MD05-2901 (Fig. 5). In this period, variations in the proxies also 240 

correspond well to the planktonic foraminiferal δ18O and (illite + chlorite)/kaolinite records at 241 

Core MD05-2901 (Liu et al., 2007b). After this period, the elemental proxies showed evident 242 

decreasing trends, deducing changes in sediment sources with higher terrigenous sediment 243 

contribution from the northern source during the last glacial MIS 2–4. This could be caused by a 244 

stronger winter monsoon that raised predominant southward surface currents in the western 245 

South China Sea. 246 

During the last glacial MIS 2–4, the East Asian monsoon was represented by increased 247 

winter monsoon and decreased summer monsoon, indicating enhanced southward surface 248 

currents in the western South China Sea. Apparent phase changes in sediment sources could 249 

be observed between the glacial MIS 4, 3, and 2, relating mainly to variations of the surface 250 

currents in the western South China Sea under the significant influence of the East Asian 251 

monsoon evolution. 252 

During the last glacial MIS 4, the southward surface currents in this studied area could 253 

encourage the relatively higher terrigenous sediments from the northern source suggested by 254 

the relatively reduced 0.201–0.215 K2O/Al2O3, 0.170–0.210 MgO/Al2O3, and 0.363–0.440 255 

Fe2O3/Al2O3 ratios at Core MD05-2899 and 0.200–0.213 K2O/Al2O3, 0.180–0.196 MgO/Al2O3, 256 

and 0.368–0.400 Fe2O3/Al2O3 ratios at Core MD05-2901 (Fig. 5). Variations in the geochemical 257 

proxies also show a close relationship with the planktonic foraminiferal δ18O and (illite + 258 
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chlorite)/kaolinite ratio records at Core MD05-2901 in this period. At the end of this period, all of 259 

the proxies still displayed evident decreasing trends, suggesting that the northern source 260 

contributed higher terrigenous sediment to the western South China Sea under influence of 261 

stronger southward surface currents after the last glacial MIS 4.  262 

During the last glacial MIS 3, the southward surface currents transported the relatively 263 

higher terrigenous sediment from the northern source indicated by the relatively decreased 264 

0.193–0.204 K2O/Al2O3, 0.157–0.194 MgO/Al2O3, and 0.348–0.412 Fe2O3/Al2O3 ratios at Core 265 

MD05-2899 and 0.188–0.203 K2O/Al2O3, 0.159–0.186 MgO/Al2O3, and 0.339–0.388 266 

Fe2O3/Al2O3 ratios at Core MD05-2901 (Fig. 5). Around 38.6 ka (a red dashed line), an evident 267 

increase of all the elemental ratios could display clear changes in sediment sources with higher 268 

sediment contribution from the southern source which were principally concerned with 269 

enhanced summer monsoon as well as abundant northward surface currents in this studied 270 

area. After that, all of the ratios decreased relating to changes in sediment sources again with 271 

higher terrigenous sediment from the northern source. Variations in the geochemical proxies are 272 

similar to the planktonic foraminiferal δ18O and (illite + chlorite)/kaolinite ratio records at Core 273 

MD05-2901. These elemental ratios were the lowest values after the last glacial MIS 3, 274 

indicating the highest sediment contribution from the northern source that could significantly 275 

relate to abundant southward surface currents during the last glacial MIS 2.  276 

During the last glacial MIS 2, the strongest southward surface currents could bring the 277 

relatively highest terrigenous sediment from the northern source to the studied area implied by 278 

the relatively lowest 0.191–0.198 K2O/Al2O3, 0.152–0.183 MgO/Al2O3, and 0.336–0.417 279 

Fe2O3/Al2O3 ratios at Core MD05-2899 and 0.187–0.193 K2O/Al2O3, 0.154–0.175 MgO/Al2O3, 280 

and 0.345–0.379 Fe2O3/Al2O3 ratios at Core MD05-2901 (Fig. 5). In this period, variations in the 281 

geochemical proxies positively correlate with the planktonic foraminiferal δ18O and (illite + 282 

chlorite)/kaolinite ratio records at Core MD05-2901. At the end of the last glacial, changes in 283 
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sediment sources could be recognized by the generally increasing ratios. The southern source 284 

could transport higher terrigenous sediments to this studied area, concerning with enhanced 285 

northward surface currents, which were significantly forced by abundant summer monsoon 286 

during the Holocene.During the Holocene MIS 1, the East Asian monsoon presented enhanced 287 

summer monsoon and weakened winter monsoon, causing increased northward surface 288 

currents in the western South China Sea. The region has been supplied higher terrigenous 289 

sediments from the southern source under the impact of the northward surface currents as 290 

implied by the relatively increased 0.186–0.200 K2O/Al2O3, 0.158–0.203 MgO/Al2O3, and 0.365–291 

0.478 Fe2O3/Al2O3 ratios at Core MD05-2899 and 0.190–0.196 K2O/Al2O3, 0.172–0.192 292 

MgO/Al2O3, and 0.363–0.400 Fe2O3/Al2O3 ratios at Core MD05-2901 (Fig. 5). However, not all of 293 

the elemental ratios displayed apparent differences between the Holocene (MIS 1) and the last 294 

glacial MIS 2–4, except the MgO/Al2O3 ratio. This is because K, Mg, and Fe elements generally 295 

show different behavior during the chemical weathering in the source regions and they just 296 

presented similar variations in their contents (Figs. 2 and 3). As a result, K2O/Al2O3, MgO/Al2O3, 297 

and Fe2O3/Al2O3 ratios only displayed similar patterns during the last glacial-interglacial cycle. 298 

Nevertheless, variations in these proxies also show a correspondence with the planktonic 299 

foraminiferal δ18O and (illite + chlorite)/kaolinite at Core MD05-2901 during the Holocene.  300 

For both Cores MD05-2899 and MD05-2901, the geochemical proxies (K2O/Al2O3, 301 

MgO/Al2O3, and Fe2O3/Al2O3) are valuable indicators for reconstructing the history of terrigenous 302 

sediment variations under the influence of seasonal surface currents, which are significantly 303 

related to the East Asian monsoon evolution (Fig. 5). Generally, the K2O/Al2O3, MgO/Al2O3, and 304 

Fe2O3/Al2O3 ratios and the mineralogical indicator ((illite + chlorite)/kaolinite) of the East Asian 305 

monsoon evolution in the western South China Sea from Liu et al. (2007b) are well correlated in 306 

certain intervals (Fig. 5). These proxies display an evident glacial-interglacial cyclicity with 307 

higher values during interglacial periods and lower values during glacial periods. Furthermore, 308 

variations in these proxies also display a strong inverse correlation to planktonic foraminifera G. 309 
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ruber δ18O record fluctuations of Core MD05-2901 (Liu et al., 2007b; Fig. 5). These indicate that 310 

the East Asian monsoon system significantly causes seasonal surface currents which mainly 311 

control terrigenous sediment variations in the western South China Sea. During glacial periods, 312 

strengthened winter monsoon can more strongly force the southward surface currents to 313 

relatively bring higher terrigenous sediments from the northern source to the western South 314 

China Sea, while enhanced summer monsoon during interglacial periods can cause stronger 315 

the northward surface currents to relatively transport more terrigenous sediments from the 316 

southern source to the western South China Sea.   317 

 318 

5. Conclusions 319 

Major-element geochemistry of the sediments from Cores MD05-2899 and MD05-2901 320 

in the lower continental slope of the western South China Sea were used to investigate a history 321 

of terrigenous sediment variation and East Asian monsoon evolution during the last glacial-322 

interglacial cycle. This research concludes that:  323 

(1) The western South China Sea can receive more terrigenous sediments from the 324 

Pearl River than the Red River in the north, while the Mekong River can transport more 325 

terrigenous sediments to this studied area than the Sunda shelf and the Indonesian islands in 326 

the south. The Pearl River can supply terrigenous sediments with higher Al2O3, but lower K2O, 327 

MgO, and Fe2O3 than the Mekong River to the western South China Sea. 328 

(2) K2O/Al2O3, MgO/Al2O3, and Fe2O3/Al2O3 ratios are utilized as efficient geochemical 329 

proxies in reconstructing the history of terrigenous sediment variations and the East Asian 330 

monsoon evolution in the western South China Sea. Relatively higher K2O/Al2O3, MgO/Al2O3, 331 

and Fe2O3/Al2O3 ratios suggest increased terrigenous sediments input from the southern source 332 

and strengthened the East Asian summer monsoon during interglacial periods, and a relative 333 

decrease of the ratios refers to more terrigenous sediment input from the northern source, as 334 

well as enhanced the East Asian winter monsoon during glacial periods. 335 
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(3) K2O/Al2O3, MgO/Al2O3, and Fe2O3/Al2O3 ratios indicate a strong glacial-interglacial 336 

cyclicity over the past 130 ka, suggesting that terrigenous sediment variations in the western 337 

South China Sea have been mainly controlled by seasonal surface currents under the 338 

significant influence of the East Asian monsoon evolution.  339 

 340 
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 463 

Figure 1. Geomorphological and bathymetric map of the South China Sea showing the location 464 

of Cores MD05-2899 and MD05-2901 off central Vietnam in the lower continental slope of the 465 

western South China Sea. Basic types of surface currents from Wang et al. (1995) and 466 

monsoon winds after Webster (1994).  467 

Jo
urn

al 
Pre-

pro
of



20 

 

  468 

Figure 2. Temporal variations of major elements of Core MD05-2899 during the last glacial-469 

interglacial cycle.  470 

 471 
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  472 

Figure 3. Temporal variations of major elements of Core MD05-2901 during the last glacial-473 

interglacial cycle.  474 
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 475 

Figure 4. (A) CIA, A-CN-K, and (B) A-CNK-FM ternary diagrams of sediment samples at Cores 476 

MD05-2899 and MD05-2901 in the western South China Sea are plotted for comparison. A = 477 

Al2O3; C = CaO*; N = Na2O; K = K2O, F = total Fe; M = MgO. Average data of Pearl, Mekong, 478 

and Red rivers (Liu et al., 2007a) and Sumatra rivers (Liu et al., 2012) are plotted for 479 

comparison; UCC (Taylor and McLennan, 1985) was plotted as a reference value. Arrows 480 

display movements of major elements.  481 
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  482 

Figure 5. Comparison of K2O/Al2O3, MgO/Al2O3, Fe2O3/Al2O3, and CIA at Cores MD05-2899 483 

and MD05-2901, with paleoclimatic records and proxies. Planktonic foraminifera G. ruber δ18O 484 

records and (illite + chlorite)/kaolinite at Core MD05-2901 from Liu et al. (2007b). Red dashed 485 

line in the middle of MIS 3 shows strong variations in our elemental proxies.  486 
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