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Sedimentary Responses to Climate Changes and Human Activities Over the Past 7400 Years in the Western Sunda Shelf
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High-resolution records of grain size, major and trace elements, and Sr-Nd isotopes of Core K17 from the western Sunda Shelf were investigated to evaluate the response of weathering and terrigenous input to climatic changes and human activities over the past 7400 years. Sr-Nd isotopic results indicate that the Kelantan River is the main source of sedimentary material in the study core since the mid-Holocene. Chemical weathering levels are represented by the chemical index of alteration (CIA), αAlNa, and K2O/Al2O3 ratios; and geochemical and grain size proxies (including TiO2/CaO, Rb/Sr ratios, and grain size end-member) were used to establish variations of terrigenous input into the study core since 7400 cal yr BP. Based on these records, the evolution of weathering and terrigenous input processes in the western Sunda Shelf can be divided into four stages. During stage 1 (7400–3700 cal yr BP), increasing precipitation and decreasing temperature jointly balanced the relatively stable weathering and terrigenous sediment supply. Dramatically decreasing weathering rates were consistent with less rainfall and lower temperatures during stage 2 (3700–2600 cal yr BP). Heavy rainfall played a more important role than low temperature in controlling weathering and erosion, leading to increasing terrigenous input in stage 3 (2700–1600 cal yr BP). Because of the decoupling between weathering, erosion, and climate in the late Holocene (stage 4, since 1600 cal yr BP), increasing agriculture and related human activities likely dominated weathering and erosion relative to climate changes. Furthermore, the initial time at which human activity overwhelmed natural processes in the southern South China Sea (SCS) is similar to that in the northern SCS. Our results highlight that human activities during the past 1600 years have gradually overwhelmed natural climatic controls on weathering and erosion processes in the western Sunda Shelf.
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INTRODUCTION

Continental weathering and erosion are critical processes controlling the delivery of sediments and solutes from the land to the ocean, shaping the terrestrial landscape, and regulating atmospheric CO2 (Raymo and Ruddiman, 1992; Bi et al., 2015; Wan et al., 2015; Hu et al., 2020). Climate is a critical factor influencing weathering and erosion, because warm and humid conditions can typically enhance weathering intensity and erosion rates (White and Blum, 1995; West et al., 2005; Hu et al., 2020). Additionally, anthropogenic processes can alter landscapes and result in weathering and erosion pattern changes (Hu et al., 2013; Huang et al., 2018). Acquiring knowledge about the interactions between past climate, human activity, and weathering and erosion changes is important for comparing and understanding the present and future interactions among these systems (Huang et al., 2018).

Some studies on the interaction between climate change, human activities, and weathering and erosion have been performed in different locations in the northern South China Sea (SCS) regions and around the world (Corella et al., 2013; Hu et al., 2013; Wan et al., 2015; Huang et al., 2018). A general consensus is that human activities have dramatically influenced the natural environment and overwhelmed climate signals in sedimentary archives during the late Holocene (Wan et al., 2015; Huang et al., 2018). However, for the southern SCS, anthropogenic impacts have not been distinguished from natural variability in tropical Southeast Asia (Tan et al., 2019).

The Southeast Asia, located in tropical region, is characterized by intense rainfall and high temperatures that generally provide the highest global weathering and erosion rates (McLennan, 1993; Milliman et al., 1999; Liu et al., 2012), and thus it makes Southeast Asia a natural laboratory for studying the interactions between climate change, human activities, and weathering and erosion. As the largest low-latitude continental shelf, the Sunda Shelf is a huge sink of terrigenous sediments from rivers on surrounding regions due to its extremely low gradient (Hanebuth et al., 2011). Located in the central part of Southeast Asia, the Malay Peninsula yields and discharges large amounts of sediments by small mountainous rivers into the Sunda Shelf, up to ca. 35 Mt/yr (Liu et al., 2012), making the Peninsula an important provenance for the southern SCS region (Liu et al., 2016; Jiwarungrueangkul et al., 2019b; Wu et al., 2019). Moreover, the fluvial discharge in this region is largely influenced by the Asian–Australian monsoon, which influences rainfall and temperature through seasonal changes (Wang et al., 2011; Liu et al., 2012). Marine sediments record abundant environmental change signals during production, transportation, and deposition, including tectonics, climate, and human activities (Li et al., 2019). Studying the response of sedimentary records to rainfall and temperature in the western Sunda Shelf is of great significance for understanding the evolution characteristics of tropical monsoon in the geological history. Furthermore, the Sunda Shelf is located in the intersection of the Indian Ocean and the Pacific Ocean, and the ocean circulation system is very complex and interconnected, which is important for the study of the inter-oceanic material and energy cycle (Wu et al., 2020). Additionally, human activities, such as agriculture, began in peninsular Malaysia at least 2000 years ago (Liang et al., 2011) and influenced natural river sediment compositions and sediment yields (Kamarudin et al., 2015; Wang et al., 2017). Exploring long-term climate change and the impact of human activity on past weathering and erosion rates in the Peninsula will improve our understanding of landscape dynamics (Hu et al., 2020). High-resolution sedimentary archives from the western Sunda Shelf may shed light on the details of the complicated interaction of climate changes, human activities, and weathering and erosion in the Southeast Asia.

Numerous studies on the Sunda Shelf primarily focus on the impact of sea level change on sedimentary processes and biogeography evolution since the Last Glacial Maximum (Pelejero et al., 1999; Hanebuth et al., 2000, 2011; Voris, 2000; Steinke et al., 2003). Since ca. 7–8 ka, the coastline reached its modern position, and sea level was relatively stable with little fluctuation (Steinke et al., 2003); therefore, the impact of sea level on sedimentation was negligible. Estuary and coastal deposits formed when sea level was at its latest transgressional and highstand stages since 8 ka (Hanebuth et al., 2011; Zong et al., 2012). Thus, the estuary/coastal region is an ideal location to preserve records of regional erosion and weathering in the tropical Malay Peninsula influenced by climate change and human activities since the mid-Holocene on the western Sunda Shelf. However, well-preserved records for the middle and late Holocene in the western Sunda Shelf are scarce.

In this study, we present high-resolution grain size, major and trace element geochemistry, and Sr-Nd isotopes from Core K17 from the inner Sunda Shelf in the southern SCS. The primary objective is to evaluate sediment provenance and to explore the interactions between climate changes, human activities, and weathering and erosion on the western Sunda Shelf over the past 7400 years.



REGIONAL SETTING

The Kelantan River, located in the northeastern Malay Peninsula (Figure 1B), is the second largest river on the Peninsula with a length of 335 km and flows from south to north into the SCS. It originates from the “Main Range” of the peninsular Malaysia near Gunong Korbu at an elevation of approximately 2100 m, and its gradient drops less than 100 m over the last 100 km (Koopmans, 1972). The river has a drainage area of 12,691 km2, mean annual rainfall of 2500 mm, mean annual runoff of 1500 mm, and mean sediment load of 13.9 × 106 t (Liu et al., 2012; Table 1). Principal surrounding rivers include the Chao Phraya (Thailand), Mekong (Indochina Peninsula), and Pahang (peninsular Malaysia).
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FIGURE 1. (A) Locations of K17 (red star) and paleoclimate records from stalagmites (red dots) referenced in the text: Northern Borneo (Partin et al., 2007). (B) Geographic setting and prevalent hydrography of the western Sunda Shelf. Hydrography was modified from Tangang et al. (2011). The red and yellow arrows show the southwest and northeast monsoon currents, respectively. The locations of Core K17 and Sr-Nd sites of Kelantan and Pahang rivers are exhibited by red dot and yellow dots, respectively. (C) Regional monthly average precipitation (gray bars) and temperature over Kota Bharu from 1971 to 2000. Temperature and rainfall data are from the World Weather Information Service (http://www.worldweather.org).



TABLE 1. Basic information of main rivers drained into the western Sunda Shelf (Liu et al., 2012, 2016).
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As a part of Sundaland, peninsular Malaysia has been tectonically stable since the Mesozoic, with few strong tectonic activities (Hutchison, 1968). Topographically, 90% of the coastal plain is less than 75 m above mean sea level. Most river drainage is covered by Quaternary alluvium; the Mesozoic granites underlie the alluvial coastal plain and outcrop on both sides of the Kelantan River Valley (Awadalla and Noor, 1991). Various types of Paleozoic sedimentary and metamorphic rocks are found between the eastern and western granitic masses. Shale and quartzite are the predominant sedimentary rock types (Awadalla and Noor, 1991).

The climate in peninsular Malaysia is controlled by the East Asian–Australian monsoon (Wang et al., 2005, 2011; Liu et al., 2012) with small seasonal temperature variations (Figure 1C) but substantially different characteristics between the wet and dry seasons (Wang et al., 2011). From October to January, the region is controlled by the southwesterly East Asian monsoon and receives abundant rainfall (the wet season) (Figure 1C). In other periods, the river basin is controlled by the northeasterly Australian monsoon, and the weather is relatively dry with less precipitation (the dry season) (Liu et al., 2012).

The water depth of the Kelantan River estuary ranges from 5 to 25 m, and the slope of the sea floor adjacent to the estuary is extremely gentle. Furthermore, the surface circulation in the southern SCS is primarily controlled by the monsoon (Tangang et al., 2011; Figure 1B). The entire southern SCS experiences cyclonic circulation during the northeast monsoon period (winter), whereas the surface current direction is opposite during the southwest monsoon period (summer) (Tangang et al., 2011). Tides are irregular with diurnal to semidiurnal tides (1.5:1). The mean spring range and maximum tidal range are 0.6 and 1.2 m, respectively (Raj et al., 2007).



MATERIALS AND METHODS


Materials

The gravity Core K17 (6.2°N, 102.34°E; 133 cm) was collected at a water depth of 11.4 m on the Kelantan River estuary of the northeastern Malay Peninsula during the R.V. DISCOVERY cruise in 2017 (Figure 1). The lithology of Core K17 is primarily olive gray homogeneous silt and sandy silt in the upper 10 cm (Figure 2). The lower section from a depth of 10–50 cm is composed of olive gray and dark greenish interlaid sandy silt with a 6 cm thick high sand and a biological debris layer between depths of 36 and 42 cm; below 42 cm to the base, the core primarily consists of dark greenish gray homogeneous sandy silt (42–133 cm). A total of 132 samples were subsampled at 1 cm intervals for grain size, geochemical elements, and Sr-Nd isotope analyses.
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FIGURE 2. Lithology and age model of Core K17 showing lithological description, foraminiferal AMS 14C dating, and sedimentation rate.




AMS14C Analyses

The chronology of Core K17 was established using AMS14C data (Figure 2 and Table 2). Because of the estuarial location and low carbonate content (<10%), there were few planktonic foraminifera. We picked more than 4 mg of mixed benthic foraminiferal species for five samples from the core. The raw radiocarbon ages were corrected for a local reservoir age of −15 ± 38 years (Southon et al., 2002) and converted to calendar ages using Calib Rev 7.0.4 (Reimer et al., 2013). The AMS14C dating was performed at the Beta Analytic Laboratory, United States.


TABLE 2. AMS14C dating age model of Core K17.
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Grain Size Analyses

The grain size distribution of 132 samples of Core K17 was determined using a Malvern 2000 Mastersizer Particle Size Analyzer with a measurement range and resolution of 0.02–2000 μm and 0.01 Φ, respectively, at the First Institute of Oceanography (FIO), Ministry of Natural Resources (MNR), Qingdao, China. Bulk sediments were treated with an excess of 30% H2O2 and 3 mol/L HCl for 24 h at 25°C to remove organic matter and carbonates, respectively. Then, the samples were washed with distilled water until excessive H2O2 and HCl were completely removed before measurement. The relative error of the repeated measurements was less than 3%.



Geochemical Element Analyses

The geochemical element concentrations of 122 samples of Core K17 were analyzed using inductively coupled plasma optical emission spectrometry (ICP-OES; SiO2, Al2O3, K2O, Na2O, Fe2O3, TiO2, MgO, CaO, P2O5, MnO, and Sr) and inductively coupled plasma-mass spectrometry (ICP-MS; Rb, Cu, and Pb) at FIO. Approximately 50 mg of ground bulk sediment was digested with ultrapure HNO3 and HF (1:1) in a Teflon digestion tank at 195°C for 48 h before measurement (Li et al., 2019). The standard material GSD-9 was assessed once after every 10 samples to provide quality control of accuracy and precision, and the relative standard deviations of analyzed elements were less than 5%.



Sr-Nd Isotope Analyses

The Sr and Nd isotopes of 10 decarbonated samples of Core K17 were determined using a Thermo Scientific multi-collector-inductively coupled plasma-mass spectrometer (MC-ICP-MS Nu plasma) at FIO. The samples were decarbonated using 0.25 N acetic acid and centrifuged and rinsed three times using Milli-Q purified water to eliminate traces of the carbonate fraction. Subsequently, the samples were completely dissolved in a HF–HNO3–HClO4 mixture (Li et al., 2018). Sr and Nd isotopes were extracted from the solution using a standard ion-exchange procedure. 88Sr/86Sr = 0.1194 and 146Nd/144Nd = 0.7219 were adopted to calibrate the mass bias during the Sr and Nd isotope measurements, respectively. Repeated analyses of the NBS987 standard yielded 87Sr/86Sr = 0.71031 ± 0.00000777 (1σ), and the JNdi-1 standard yielded 143Nd/144Nd = 0.512115 ± 0.00000556 (1σ), which is well within the recommended range.



RESULTS


Chronological Framework

The ages of this downcore were calculated by linear interpolation among five dated sediment layers, and the basal age was 7400 cal yr BP (Figure 2), which was calculated by linear extension after 6298 cal yr BP based on the same sedimentary rate with upper section under similar sedimentary environment. The ages were reported in years before present (yr BP). The linear sedimentation rates vary in the range of 13–39 cm/ka, with an average of 18 cm/ka (Figure 2). The sedimentation rates of the Middle Holocene (average 22 cm/ka) were relatively higher than those during the Late Holocene (average 13 cm/ka), and the highest sedimentation rate occurred during 3700–4200 cal yr BP, with a value of 39 cm/ka. The average time resolution of Core K17 was 56 yr/cm.



Grain Size Compositions and End-Member Extraction

The sediment fractions of the studied core are primarily silt (37–82%), with a secondary amount of sand (5–51%) and clay (4–25%) (Figure 3). According to Folk’s classification (Folk et al., 1970), the sediment types are characterized by sandy silt, similar to the western Sunda Shelf (Wu et al., 2020). The mean grain size (Mz) of this downcore ranges from 3.4 to 6.8 Φ (average of 5.4 Φ). The sorting coefficient varies from 1.3 to 3.2, which is classified as poorly sorted. The mean grain size and sorting coefficient show a sudden increase of approximately 2900 cal yr BP (Figure 3).
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FIGURE 3. Variations in grain size of Core K17.


An inversion algorithm was used to extract grain size end-members (Joussain et al., 2016; Li et al., 2019), and the results display a three-end-member model that explains more than 95% of the variance (Figure 4A). The fine end-member EM1 varies widely range of −0.9 to 10.4 Φ and explains more than 80% of the variance (Figure 4B). EM2 varies within the wide size range between 1.37 and 8.4 Φ, and the coarse end-member EM3 varies in the size range from −0.9 to 5.7 Φ. The proportions of the finest end-member EM1 vary in a large range from 20 to 100% (average ∼70%) (Figure 3), and the proportions of the EM2 vary from 0 to 80% (average ∼25%). The coarsest end-member EM3 varies between 0 and 51% with an average value of ∼5%. EM1 and EM2 display opposite patterns from the mid-Holocene to the present (Figure 3). The EM3 variation shows a generally similar trend compared with the mean grain size.
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FIGURE 4. (A) Fraction of data variance explained by the unmixing model vs. numbers of end-members. (B) Volume percent vs. grain-size (Φ) diagram of the three end-members (EM1, EM2, and EM3) identified in Core K17.




Geochemical Element Concentrations

The major and trace elements of Core K17 sediment are illustrated in Figure 5. Major elements include SiO2 (48.9–82.1%), Al2O3 (3.7–15.4%), CaO (2.1–19.1%), K2O (0.8–2.2%), Na2O (0.5–1.6%), and TiO2 (0.3–0.9%); trace elements are Rb (54.8–118.0 μg/g), Sr (116.4–726.4 μg/g), Cu (5.6–17.4 μg/g), and Pb (19.8–51.4 μg/g). The temporal patterns of Al2O3, K2O, Na2O, TiO2, Rb, Pb, and Cu are basically similar in their distribution (Figure 5), having a drastic decrease of approximately 2900 and 3900 cal yr BP; SiO2 displays almost the opposite character to those elements, and CaO and Sr have similar temporal distribution patterns, with an abrupt change of 2600 cal yr BP.
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FIGURE 5. Variations in major and trace elements of Core K17.




Sr-Nd Isotopic Compositions

The 87Sr/86Sr and εNd values of the silicate fraction of Core K17 are listed in Table 3. The 87Sr/86Sr ratios ranged from 0.72018 to 0.72636, and the εNd values varied from −10.28 to −7.06. The 87Sr/86Sr ratios exhibited a slight decreasing tendency, and the εNd values showed no significant variation during the studied timescale, except for one point (1–2 cm) of the core.


TABLE 3. Sr and Nd isotopes of sediments in the Core K17 and potential river end members.
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DISCUSSION


Provenance Discrimination

Sr-Nd isotopes are one of the widely used proxies to determine sediment provenance (Wei et al., 2012; Cao et al., 2015). However, the isotopic composition of marine sediments could be affected by authigenic, biogenic, and grain-size effects during the transport and deposition processes (Bayon et al., 2002; Dou et al., 2012; Hu et al., 2020) and, therefore, should be eliminated before using Sr-Nd isotopes to trace provenance.

Although the grain-size effect is very common for geochemical compositions (Wu et al., 2019), the 87Sr/86Sr ratios and εNd values are not significantly correlated with mean grain size (Figure 6A), indicating that the grain-size effect is negligible for Sr-Nd isotopes. Furthermore, there are no significant correlations between the 87Sr/86Sr and εNd values and the Fe2O3 values in this core sediment (Figure 6B), suggesting that authigenic Fe oxides or oxyhydroxides have little influence on isotopic composition. 87Sr/86Sr ratios are possibly controlled by the carbonate content, resulting from the isomorphic substitution between Ca in calcium carbonate and Sr from seawater (Hu et al., 2013). However, a very low correlation is observed between the 87Sr/86Sr ratios and CaO values (Figure 6C). Therefore, Sr-Nd isotopic compositions of these core sediments are considered reliable for tracing sediment provenances at the study site.
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FIGURE 6. Correlation analysis of Sr-Nd isotopic compositions, mean grain size, Fe2O3, MnO, and CaO concentrations, and weathering and terrigenous input indicators in Core K17. (A–C) Correlations between Sr-Nd isotopic compositions and mean grain size, Fe2O3 and CaO concentrations in core K17, respectively. (D–F) Correlations between mean grain size and chemical weathering indicators (CIA, aAlNa and K2O/Al2O3), and terrigenous input indicators (TiO2/CaO and Rb/Sr ratios) in core K17, respectively.


The potential sediment sources surrounding Core K17 include the Kelantan River and Pahang River in the Malay Peninsula, the Mekong River in the Indochina Peninsula, the Chao Phraya River and other rivers in the Gulf of Thailand, and rivers in Borneo. The 87Sr/86Sr ratios are plotted against εNd values in Core K17 and potential provenances in the surrounding regions (Figure 7). Most of the εNd values and 87Sr/86Sr ratios of Core K17 are concentrated in the range of the Kelantan River, whereas the other three points fall in the field of the Mekong River, close to the range of the Kelantan River in Figure 7.
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FIGURE 7. The 87Sr/86Sr ratios versus εNd values plot for the Core K17, with sediments of Mekong River (Liu et al., 2007), Borneo offshore (Wei et al., 2012), Chao Phraya River and other Thailand rivers (Wu et al., unpublished), and Pahang and Kelantan River (this study).


It seems that both the Kelantan River and Mekong River are the sediment sources of the Core K17. These three samples all fall in or close to the overlapping part of Kelantan River and Mekong River, which are 10–11, 20–21, and 30–31 cm sediment layers, respectively. The grain sizes of these three samples are coarser than the average grain size of other Sr-Nd sediment layers in this core. Sr-Nd values from other older samples all fall in the Kelantan River. Therefore, these three coarser samples may not be transported from the Mekong River. In fact, the Core K17 is close to the Kelantan estuary; approximately 13.9 Mt/year of sediment from the Kelantan River is discharged into the SCS (Liu et al., 2016), most of which is deposited in the estuary, with the remainder transported to the western Sunda Shelf (Koopmans, 1972; Wang et al., 2020). Our recent work used geochemical and mineral evidence to reveal that fine-grained modern sediment from the Kelantan River can be transported to the central Sunda Shelf (Wu et al., 2020). Although the Mekong River delivers approximately 160 Mt/year to the SCS, approximately 80% of the Mekong-delivered sediment is trapped within the delta area (Xue et al., 2010). Large amounts of Mekong River sediments are deposited near the Mekong River mouth in summer, and only a small fraction of these sediments are re-suspended and dispersed toward the southwest into the Gulf of Thailand during the northeast monsoon (Xue et al., 2012). During the last glacial period with a low relative sea level, sediments from the Mekong River were directly input into the southern SCS by the paleo-Mekong River and not discharged into the Sundaland (Jiwarungrueangkul et al., 2019b). Additionally, the distribution of clay mineral assemblages in the surface sediments of the SCS indicates that most of the kaolinite, accounting for more than 50% of clay minerals offshore of Malaysia, is from the Malay Peninsula and not the Mekong River (Liu et al., 2016). Therefore, we suggest that the Kelantan River is the primary provenance of Core K17.



Sedimentary Responses to Climate Changes and Human Activities Over the Past 7400 cal yr BP


Weathering and Terrigenous Input Indicators

Chemical weathering is an important process for modifying the mineral and chemical compositions of terrigenous sediments (Hu et al., 2020). The degree of chemical weathering under specific environmental conditions is primarily controlled by climate (White and Blum, 1995). Generally, high temperatures and heavy precipitation favor more intense chemical weathering, whereas low temperatures and less precipitation hinder the reactions involved in chemical weathering (White and Blum, 1995; Huang et al., 2018). Here, the chemical index of alteration (CIA), αAlNa, and the K2O/Al2O3 ratio were used to estimate chemical weathering intensity and variation. The CIA [defined as CIA = Al2O3/(Al2O3 + CaO∗ + Na2O + K2O) × 100, molar proportions; CaO∗ refers to the CaO content of the silicate fraction] and αAlNa [defined as αAlNa = (Al/Na)sediment/(Al/Na)UCC, molar proportions] are widely used to estimate the chemical weathering intensity recorded in sediments (Nesbitt and Young, 1982; Garzanti et al., 2013; Liu et al., 2020). Higher CIA and αAlE values correspond to stronger chemical weathering intensity. CaO∗ in CIA is corrected by comparing the molar contents of CaO with Na2O, and the lower value is regarded as the CaO content in the silicate fraction (Singh et al., 2005; Liu et al., 2020). K2O is preferentially leached in aqueous fluids compared to the immobile Al2O3 during the chemical weathering process (Nesbitt and Young, 1982);

therefore, a lower K2O/Al2O3 ratio could indicate increased chemical weathering related to strengthened monsoon rainfall, according to the basic principles of silicate weathering (Wei et al., 2004; Clift et al., 2014; Jiwarungrueangkul et al., 2019a).

TiO2/CaO and Rb/Sr ratios were used to evaluate the variation of terrigenous sediment input related to erosion in this study (Jiwarungrueangkul et al., 2019b; Li et al., 2019). The Ti content in terrigenous sediments is stable in hypergenesis, and the Ti in marine sediments is widely believed to be primarily derived from the input of terrestrial clastic materials (Chen et al., 2013; Li et al., 2019). CaO in marine sediment primarily originates from biogenic input; thus, the TiO2/CaO ratio can reflect the relative magnitudes of terrigenous clastics and biogenic inputs (Clift et al., 2014; Cao et al., 2015). Rb and Sr are primarily distributed in minerals bearing K (e.g., mica and K-feldspar) and Ca (e.g., carbonate), respectively; thus, Rb/Sr ratio can be used as another indicator of terrigenous sediment input (Li et al., 2019). Higher TiO2/CaO and Rb/Sr ratios reflect enhanced terrigenous input to the core.

In previous studies, the finest end member was usually interpreted as fluvial/terrigenous input (Stuut and Lamy, 2004; Wan et al., 2007). Due to the dominant fraction of EM1 in the three end members and the overwhelming terrigenous element concentrations (e.g., SiO2 and Al2O3; Figure 3) of sediments in Core K17, the finest end-member EM1 was interpreted as fluvial terrigenous sediment input from the Kelantan River in this study.

To ensure that chemical weathering and terrigenous input indicators are reliable for use in the study region, other factors, including provenance changes, sea-level change, and hydraulic sorting by oceanic currents need to be considered (Hu et al., 2020). Because of the relatively constant source of Core K17 (Figure 7), provenance changes could not significantly influence weathering and terrigenous indicators. Sea level change played an important role in controlling terrigenous sediment input to the southern SCS before or during the early Holocene (Jiwarungrueangkul et al., 2019a) but is relatively constant with a weak fluctuation since ca. 7–8 ka on the Sunda Shelf, when the coastline reached a modern position (Steinke et al., 2003; Hanebuth et al., 2011). Thus, the influence of sea level changes is negligible. There were no significant correlations between the mean grain size and weathering and erosion indicators (i.e., CIA, K2O/Al2O3, αAlNa, TiO2/CaO, and Rb/Sr; Figures 6D–F), suggesting that these indicators are not influenced by transport processes or hydraulic sorting.



Climatic and Anthropogenic Impacts on the Weathering and Terrigenous Input Processes Over the Past 7400 cal yr BP

Monsoon rainfall intensity and temperature variations in the study area could lead to typical changes in chemical weathering and erosion over time (Huang et al., 2018; Li et al., 2019). Based on temporal variations in weathering and terrigenous input related to erosion processes (Figure 8), we suggest a four-stage sedimentary evolution in Core K17 over the last 7400 cal yr BP.
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FIGURE 8. Comparison of the Core K17 records with other representative paleoclimate records since 7400 cal yr BP: (A) Rainfall patterns from Borneo cave stalagmite δ18O (Partin et al., 2007); (B) sea surface temperature (SST) of the Western Pacific Warm Pool (WPWP; Stott et al., 2004); (C) CIA from Core K17; (D) K2O3/Al2O3 from Core K17; (E) αAlNa from Core K17; (F) EM1 volume from Core K17; (G) TiO2/CaO from Core K17; (H) Rb/Sr from Core K17; (I) Cu enrichment factor from Core K17; and (J) Pb enrichment factor from Core K17. The shadow area represents the interval of the second stage. The dotted line represents the boundary of third stage and fourth stage.


The first stage corresponds to a period of 7400–3700 cal yr BP. Stable CIA, αAlNa, and K2O/Al2O3 values indicate stable chemical weathering during this period (Figures 8C–E). The relatively stable TiO2/CaO and Rb/Sr ratios during this interval suggest relatively stable terrigenous sediment input (Figures 8G,H). Furthermore, EM1 displays a relatively stable pattern but contains fluctuations that indicate constant Kelantan River discharge due to stable chemical weathering and terrigenous input (Figure 8F). The monsoon precipitation from the δ18O record gradually increased from 7400 to ca. 5000 cal yr BP and remained stable with heavy rainfall during 5000–3700 cal yr BP (Partin et al., 2007; Carolin et al., 2016; Figure 8A), contributing to more intense chemical weathering and terrigenous sediment input from the Kelantan River drainage. However, the temperature gradually decreased during this interval (Figure 8B), apparently reducing weathering and sediment input. Therefore, the relatively stable chemical weathering and terrigenous sediment input were probably balanced by increasing rainfall and decreasing temperatures during this period.

The second stage ranged from 3700 to 2700 cal yr BP. Decreasing CIA, αAlNa, and K2O/Al2O3 values suggest weaker chemical weathering and less sediment production in this interval. Less terrigenous sediment input is indicated by decreasing TiO2/CaO and Rb/Sr ratios. Less monsoon rainfall and decreasing temperature led to weaker chemical weathering and less sediment transport to the western Sunda Shelf during this period (Stott et al., 2004; Partin et al., 2007). Due to weaker chemical weathering, fine EM1 also displayed a decreasing trend, corresponding to less Kelantan River discharge to the western Sunda Shelf during this interval. Additionally, weaker chemical weathering and less precipitation in this period were reported in the Pearl River estuary (Hu et al., 2013; Huang et al., 2018) and the Red River estuary (Wan et al., 2015) in the northern SCS, probably indicating the synchronous variations of climate change during this period in the SCS.

The third stage spanned 2700–1600 cal yr BP. Increasing CIA, αAlNa, and K2O/Al2O3 values suggest stronger chemical weathering in this interval, and TiO2/CaO and Rb/Sr ratios show an increasing trend, indicating more terrigenous sediment input. Heavy rainfall during this period possibly played a more important role than lower temperature and resulted in more intense chemical weathering and terrigenous sediment input. Therefore, EM1 also showed an increasing pattern similar to chemical weathering, indicating increasing river input.

The fourth stage corresponds to the interval since 1600 cal yr BP. Increasing CIA, αAlNa, and K2O/Al2O3 values indicate stronger chemical weathering, which contributed to the production of more terrigenous sediment from the Kelantan River; decreasing monsoon precipitation from δ18O records (Partin et al., 2007; Carolin et al., 2016) hindered river sediment production and transportation into the western Sunda Shelf in this period. Increasing TiO2/CaO and Rb/Sr ratios suggest increasing terrigenous sediment input. EM1 also indicates increasing river discharge with fluctuations corresponding to stronger chemical weathering and increasing rainfall. Less precipitation and falling temperature with increasing weathering and erosion suggest no direct relationship between weathering and erosion and precipitation and temperature in this interval. Thus, climate change cannot be solely responsible for weathering/erosion changes since 1600 cal yr BP. A similar decoupling relationship between climate and weathering/erosion was reported in the Pearl River estuary (Huang et al., 2018) and the Red River estuary (Wan et al., 2015) in the northern SCS. We suggest that human activities have dominated chemical weathering and terrigenous input relative to climate change since 1600 cal yr BP. The Malay-Thai Peninsula contains many archeological sites from 6000 to 600 cal yr BP and had become a primary region of settlement in the early historic period during 2000–1400 cal yr BP (Horton et al., 2005), indicating that human society in the Malay Peninsula formed at least as early as 2000 cal yr BP. Since ca. 2000 cal yr BP, rice cultivation has been common in Southeast Asia (Liang et al., 2011). During 2000–1000 cal yr BP, both sides of the Malay Peninsula were important centers of East–West trade, and small-scale agricultural centers were established in some river basins (Liang et al., 2011). Agricultural development caused partial soil erosion, corresponding to the general increase in chemical weathering and terrigenous input (CIA, αAlNa, K2O/Al2O3, TiO2/CaO, Rb/Sr, and EM1) in Core K17 during this period (Figure 8).

Enrichment factor (EF) is widely used to discriminate natural and anthropogenic sources and to elevate environmental contamination (Wan et al., 2015). EF is calculated using the following equation: EF = (Xsample/Alsample)/(Xbaseline/Albaseline), where Xsample (Xbaseline) and Alsample (Albaseline) are heavy metal concentrations and aluminum contents of samples (background references), and average elements concentration of samples below 84 cm depth (older than 5000 cal yr B P.) is chosen as the baseline, which is regarded as not influenced by anthropogenic process. Our results show that the EF values of Cu and Pb increased dramatically after 1600 cal yr BP (Figures 8I,J), which is closely related to mining and metalworking activities due to increasing requirements of tools for agriculture, corresponding to an increasing impact of human activities. There is a long history of tin and gold mining in Peninsular Malaysia at least before the 9th century (Balamurugan, 1991), related metal elements such as Cu and Pb are very common in tin or gold deposits. Burning of trees to smelt metals in the ancient could strengthen weathering and erosion since 1600 cal yr BP. Furthermore, the enrichment of Cu and Pb seems to be related to the disposal of sewage effluent, indicating an increase in human activity (Hu et al., 2013, 2020; Huang et al., 2018). Relatively higher enrichment of Cu and Pb were also observed in some sediment sequences before 1600 cal yr BP (Figures 8I,J), perhaps reflecting fluvial erosion related to harsh weather conditions during this period (Hu et al., 2020), such as flooding, which occurs frequently in the Kelantan River basin (Koopmans, 1972). However, more research is needed to clarify these mechanisms. The initial time at which human activity overwhelmed natural processes in our study is similar to that in the Pearl River Delta (2000 cal yr BP) (Huang et al., 2018), the Red River drainage (1800 cal yr BP) (Wan et al., 2015), and Taiwan (1500 cal yr BP) (Hu et al., 2020). Therefore, since 1600 cal yr BP, increased human activity has been the dominant influence on the natural landscape of Kelantan River drainage by agriculture and related mining activities. Compared the established variations in erosion and weathering rates from Sunda Shelf with other studies from the Southeast Asia, especially in the northern SCS (Wan et al., 2015; Huang et al., 2018), our results show a similar variation trend with them, but the accurate changing periods between these studies have some differences. It is worth noting that, after about 2000 cal yr BP, they all display a remarkable increasing trend. Therefore, we believe the Southeast Asia have similar variations trend in erosion and weathering rates, and human activities overwhelming the nature in erosion and weathering share a similar period in the Southeast Asia.



CONCLUSION

Provenance analysis from Sr-Nd isotopic evidence for Core K17 in the western Sunda Shelf suggests that the Kelantan River is the major sediment contributor. The sediment succession of Core K17 can be divided into four stages according to chemical weathering and terrigenous input indicators. During stage 1 (7400–3700 cal yr BP), increasing precipitation and decreasing temperature jointly controlled relatively stable chemical weathering and terrigenous sediment input. Dramatically decreasing weathering and terrigenous input during stage 2 (3700–2700 cal yr BP) coincides well with less precipitation and lower temperature, resulting in weaker weathering and erosion. The period of 2700–1600 cal yr BP corresponds to the third stage, in which heavy rainfall played a more important role than low temperature in controlling weathering and erosion and led to increasing terrigenous input. For the late Holocene (stage 4, since 1600 cal yr BP), weathering and sediment inputs in the study core have likely been dominantly influenced by human activities due to decoupling between weathering/erosion and climate change and increasing agriculture and mining activities.
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Depth Sample ID Sample Conventional Calendar age Depth Sedimentation
(cm) material AMS'C age (yr BP) (cal yr BP) interval (cm) rates (cm/ka)
2-3 Beta-505054 Foraminifera 108.55 £+ 0.39 pMC 0 0-25 0

51-52 Beta-505056 Foraminifera 3780 £ 30 3737 2.5-51.5 131
71-72 Beta-505057 Foraminifera 4150 + 30 4244 51.5-71.5 39.4
91-92 Beta-505058 Foraminifera 5130 + 30 5496 71.5-91.5 16.0
121-122 Beta-505060 Foraminifera 6410 + 60 6928 91.5-121.5 20.9

PMC, percent modern carbon.
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Sediment location Depth (cm) Age (cal yr BP) 87gyr/86gy 143Nd/1%Nd e Nd Data sources

K17 1-2 0 0.72636 0.512276 -7.06 This study

K17 10-11 610 0.72066 0.512111 —-10.28 This study

K17 30-31 2135 0.72056 0.512117 —10.16 This study

K17 40-41 2898 0.72018 0.512119 —-10.12 This study

K17 50-51 3660 0.72151 0.512157 -9.38 This study

K17 70-71 4218 0.72150 0.512140 -9.71 This study

K17 80-81 4807 0.72150 0.512158 -9.36 This study

K17 100-101 5925 0.72093 0.512139 -9.73 This study

K17 120-121 6880 0.72101 0.512153 —9.46 This study

K17 130-131 7358 0.72196 0.512131 -9.89 This study

Kelantan River Surface _ 0.72031 0.512132 —-9.87 This study

Kelantan River Surface _ 0.72307 0.512202 —8.51 This study

Kelantan River Surface _ 0.72971 0.512225 —-8.06 This study

Kelantan River Surface _ 0.72721 0.512206 —-8.43 This study

Kelantan River Surface _ 0.72285 0.512285 —6.89 This study

Pahang River Surface _ 0.74043 0.512130 —9.91 This study

Pahang River Surface _ 0.74230 0.512128 —9.95 This study

Pahang River Surface _ 0.73603 0.512141 —9.69 This study

Pahang River Surface _ 0.74255 0.512156 —9.40 This study

Pahang River Surface _ 0.74366 0.512136 —-9.79 This study

Tha Chin River Surface _ 0.720434 0.511878 —14.82 Wau et al., unpublished
Tha Chin River Surface _ 0.734096 0.511903 —14.33 Wau et al., unpublished
Mae Klong River Surface _ 0.753236 0.511820 —15.95 Wau et al., unpublished
Mae Klong River Surface _ 0.743226 0.511840 —15.56 Wau et al., unpublished
Bang Pakong River Surface _ 0.716848 0.512086 —-10.77 Wau et al., unpublished
Bang Pakong River Surface _ 0.719631 0.512132 —-9.87 Wau et al., unpublished
Chao Phraya River Surface _ 0.722863 0.512055 —-11.36 Wau et al., unpublished
Chao Phraya River Surface _ 0.718993 0.512067 —-11.15 Wau et al., unpublished
Mekong River Surface _ 0.720276 0.512131 —-9.89 Liu et al., 2007
Mekong River Surface _ 0.720699 0.512115 —-10.2 Liu et al., 2007
Mekong River Surface _ 0.721307 0.512082 —-10.85 Liu et al., 2007
Mekong River Surface _ 0.722173 0.512104 —10.42 Liu et al., 2007
Mekong River Surface _ 0.721801 0.512098 —-10.58 Liu et al., 2007
Offshore Borneo Surface _ 0.717031 0.512216 —-8.23 Wei et al., 2012
Offshore Borneo Surface _ 0.709882 0.512282 —6.95 Wei et al., 2012
Offshore Borneo Surface _ 0.715360 0.512200 —-8.54 Wei et al., 2012
Offshore Borneo Surface _ 0.720602 0.512189 —-8.76 Wei et al., 2012
Offshore Borneo Surface 0.719912 0.512191 —-8.72 Wei et al., 2012

eNd = 10,000 x ("**Nd/"**Nd/0.512638—1).





