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Abstract

Past hydroclimatic conditions in southern China are poorly constrained owing to the lack of high-resolution
marine-sediment records. In this study, we present high-resolution geochemical and grain-size records of marine
sediments from the coastal shelf of the northern South China Sea to investigate regional hydrological variations.
Results suggest a warm and humid climate during the interval 9 200–7 600 cal a BP, followed by a cold and dry
climate from 7 600 cal a BP to 6 500 cal a BP, and progressive humidification during the period 6 500–6 200 cal a BP.
A prominent hydrological anomaly occurred during 7 600–6 500 cal a BP. This abrupt event corresponds closely to
tropical Pacific and interhemispheric temperature gradients, suggesting that moisture variations in southern
China may have been driven by interhemispheric and zonal Pacific temperature gradients via modulation of the
intensity and location of the West Pacific subtropical high.
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1  Introduction
The Asian summer monsoon (ASM) is an integral part of the

global climate system and exerts a significant influence on the
hydrology and ecology of the Asian region, as well as on the pop-
ulation living there (IPCC, 2021; Yang et al., 2008; Zhang et al.,
2011). In the context of modern global climatic change, the mon-
soonal climate in China is showing increasing regional differ-
ences, including more frequent extreme precipitation events and
droughts that affect regional economic activity and livelihoods.
An understanding of the nature of monsoon rainfall and its for-
cing on timescales longer than those of the instrumental record is
essential for understanding present climatic conditions and pre-
dicting future climate change.

The variation in monsoon rainfall on different timescales has
been investigated previously (Ding et al., 2008; Huang et al., 2019;
Lu et al., 2021; Wang et al., 2001; Zhao and Zhou, 2006; Zhou et
al., 2022). However, these studies have generated inconsistent
and even contradictory results (An et al., 2000; Rao et al., 2016;
Zhao et al., 2009; Zhou et al., 2016). These discrepancies can be
attributed in part to the scarcity of studies in southern China.

Previous studies have investigated Holocene hydrological
changes in southern China using geological data obtained pre-
dominantly from terrestrial records and deep-sea sediments (Hu
et al., 2012; Jia et al., 2015; Li et al., 2021; Yu et al., 2021; Zhong et
al., 2017b). In comparison, high-resolution records from contin-
ental-shelf sediments in the northern South China Sea (SCS) are
relatively scarce. Continental shelf settings are characterised by
relatively stable depositional environments and high sedimenta-
tion rates. Sediment cores from continental shelves should there-
fore provide the opportunity to investigate the historical evolu-
tion of regional precipitation. In this study, we report high-resol-
ution geochemical and grain-size records from marine sedi-
ments of the continental shelf of the northern SCS. The main ob-
jective was to establish the history of hydroclimatic change in
southern China and identify the relevant forcing mechanisms.

2  Materials and methods
Core HKA-1 (20.96°N, 110.74°E; 2.6 m in length) was re-

trieved from a water depth of 20 m on the continental shelf off
eastern Leizhou Peninsula using a gravity corer (Fig. 1). The  
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study area is strongly influenced by the monsoon climate, which
shows very strong seasonality. The modern annual mean temper-
ature of the study area is about 23℃, and the annual mean pre-
cipitation is around 1 600 mm, with over 90% of rainfall occur-
ring between April and October. Most of the precipitation is
caused by convection. Convectional precipitation is heavy but of

short duration and highly localised.
The chronology of Core HKA-1 was established using five Asi-

an summer monsoon (AMS) 14C dates from well-preserved shell
samples (Table 1; Fig. 2). AMS 14C dates were measured at the
BETA Laboratory, United States. All radiocarbon dates were cal-
ibrated to calendar ages using the Calib 8.1.0 software with the
marine20 program (Reimer et al., 2020). An age model of Core
HKA-1 was established using the BACON software package
(Blaauw and Christen, 2011).

Bulk sediment samples were freeze-dried and ground to #200
mesh, then heated at 650℃ for 4 h to remove organic matter. The
samples were digested in an HNO3 + HF acid mixture, and the
resultant solutions were used for analyses of major- and trace-
element contents. Major-element contents (e.g., Al2O3, TiO2,
Fe2O3, and MnO) were measured on a Varian 720 ES Inductively
Coupled Plasma–Atomic Emission Spectrometer (ICP–AES at the
Qingdao Sparta Analysis & Testing Co.,Ltd, China). Trace-ele-
ment contents (e.g., La, Th, Sc, Rb, and Sr) were measured on a
Varian 820 Inductively Coupled Plasma–Mass Spectrometer
(ICP–MS at the Qingdao Sparta Analysis & Testing Co.,Ltd,
China). Precision and accuracy were monitored by analysing
Chinese certif ied reference standards BHVO-2,  BCR-2,
GBW07314, GBW07315, and GBW07316, yielding values that
were generally within ±10% (relative standard deviation) of the
certified values. The chemical index of alteration (CIA), defined
as Al2O3/(Al2O3 + CaO + Na2O + K2O) × 100, using molecular pro-
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Fig. 1.   Map of the study area showing the location of Core HKA-1.

Table 1.   Details and Asian summer monsoon 14C dates of the 5 shell samples from Core HKA-1
Sample code Depth/cm Material Conventional age/(a BP) σError (2 ) Calibrated age/(a BP) σError (2 )

HKA-1-17 17 shell 5 960 56 6 336 181

HKA-1-26 26 shell 6 020 56 6 393.5 183.5

HKA-1-35 35 shell 6 280 56 6 675 200

HKA-1-96 96 shell 7 570 56 7 992 173

HKA-1-189 189 shell 8 280 56 8 789.5 207.5
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Fig. 2.   Bayesian age-depth model for Core HKA-1. acc.: accumulative; mem.: memory.
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portions, has been widely used to indicate changes in chemical
weathering intensity (Nesbitt and Young, 1982). In the present
study, it was difficult to evaluate the CaO content of the silicate
fraction. The CIA was therefore calculated using the following
formula, which excludes CaO: molar Al2O3/(Al2O3 + Na2O + K2O)
× 100 (Arnaud et al., 2012; Li et al., 2017; Liu et al., 2014a). This
amendment does not substantially affect the results because only
relative variations in chemical weathering are considered
(Arnaud et al., 2012).

For grain-size analysis, samples were pretreated with 10%
H2O2 followed by 10% HCl to remove organic matter and carbon-
ates, respectively. Samples were then rinsed with deionised wa-
ter and dispersed with 10 mL of 0.05 mol/L (NaPO3)6 using an ul-
trasonic vibrator for 10 min. Grain-size distributions were meas-
ured using a Malvern 3000 laser-diffraction instrument.

3  Results
The analysed sediments have a rather uniform lithology, with

no distinct vestiges or trace fossils of marine benthos (Fig. 3). The
five AMS 14C ages are in correct chronological order through the
core. These observations suggest that bioturbation mixing is in-
significant. Previous studies have demonstrated that bioturba-
tion may have little impact on paleorecords derived from sedi-
ments with high rates of deposition (Barker et al., 2007; Higgin-
son et al., 2004; Verschuren, 1999). Given the high sedimentation
rate in Core HKA-1 (mean sedimentation rate of ~6 mm/a), we
consider that bioturbation had a minor influence on the continu-
ity of the record. The uppermost 1.9 m of Core HKA-1 covers the
interval corresponding to 9 200–6 200 cal a BP (Fig. 2). The age of
the top of the Core HKA-1 is about 6 200 cal a BP according to the
three closest age controls. The absence of sediment over the last
6 000 a at the top of the core may have been caused by modern
shipping, navigation projects, and infrastructure, as the studied
core was obtained from a location near a major sea route. In ad-
dition, no shell material was found for dating below 1.9 m in the
core. Therefore, we focus on the paleoclimatic record contained
in the uppermost 1.9 m of the core, which covers the period
9 200–6 200 cal a BP.

The variations in CIA, Al/Ti, Al/K, and Rb/Sr, grain-size para-
meters, and contents of Al, Ti, and Fe show similar temporal
patterns (Fig. 4). The variations in these proxies of environment-
al conditions can be divided into four stages. For the interval
9 200–7 600 cal a BP, values of CIA, Al/Ti, Al/K, and Rb/Sr, and
contents of Al, Ti, and Fe are relatively high and display high-
frequency fluctuations. The clay and silt fractions exhibit relat-
ively high values, whereas the sand fraction displays relatively
low values with high-frequency fluctuations. For the interval

7 600–7 200 cal a BP, all measured proxies show an abrupt shift.
Values of CIA, Al/Ti, Al/K, and Rb/Sr, and contents of Al, Ti, and
Fe all display a sharp decrease. The clay and silt fractions exhibit
a clear decreasing trend, but the sand fraction exhibits a sharp
increase. For the interval 7 200–6 500 cal a BP, values of CIA,
Al/Ti, Al/K, and Rb/Sr, and contents of Al, Ti, and Fe show relat-
ively low values and remain fairly uniform. The clay and silt frac-
tions show relatively low values, and the sand fraction displays
high values with small-amplitude fluctuations. For the interval
6 500–6 200 cal a BP, values of CIA, Al/Ti, Al/K, and Rb/Sr, and
contents of Al, Ti, and Fe show clear increasing trends. The clay
and silt fractions exhibit an overall increase, and the sand frac-
tion displays an overall decrease.

4  Discussion

4.1  Paleoclimatic significance of the measured environmental
proxies
Chemical weathering can modify the chemical components

of continental surfaces, and components in sediments are com-
posed of the products of chemical weathering. Thus, selected ele-
mental contents and ratios in detrital sediments can be used as
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Fig. 3.   The photograph of Core HKA-1.
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Fig. 4.   Temporal variations in multiple proxies in Core HKA-1.
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indicators of chemical weathering to trace climatic changes in
the source region(s) of the sediments (Kronberg et al., 1986; Liu
et al., 2011; Nesbitt and Young, 1982; Wei et al., 2004, 2006). Ele-
mental ratios are widely considered to indicate the intensity of
chemical weathering, as they reflect the differing behaviours of
different elements during chemical weathering. Ti and K tend to
be enriched in weathering products after a moderate degree of
chemical weathering, but depleted after extreme chemical
weathering (Nesbitt et al., 1980; Condie et al., 1995), whereas Al
tends to become enriched in weathering products during chem-
ical weathering. Thus, Al/Ti and Al/K ratios can be used to trace
the intensity of chemical weathering, with higher values indicat-
ing stronger chemical weathering. Sr is chemically mobile and
easily leached from the parent rock, whereas Rb is chemically im-
mobile and tends to become enriched in weathering products
during chemical weathering (Brass, 1975). Thus, Rb/Sr ratios are
a good indicator of the degree of chemical weathering. Ratios of
Al/Ti, Al/K, and Rb/Sr have been successfully used to indicate
the intensity of chemical weathering in continental-shelf and
deep-sea sedimentary records of the northern SCS (Clift et al.,
2014; Hu et al., 2012; Huang et al., 2021; Li et al., 2003; Wei et al.,
2006), further supporting the rationale for using Al/Ti, Al/K, and
Rb/Sr ratios as indicators of chemical weathering intensity in the
present study. In Core HKA-1, values of Al/Ti, Al/K, and Rb/Sr
exhibit similar variation patterns to those of CIA values (Figs. 4D
and E) and are interpreted as reliably reflecting variations in
chemical weathering intensity. The climate is generally con-
sidered to be the main control on the degree of chemical weath-
ering under given environmental conditions (White and Blum,
1995), with warm and humid conditions favouring intense chem-
ical weathering. The study area is strongly influenced by the ASM
(Jia et al., 2015; Wang et al., 2016). Consequently, values of CIA,
Al/Ti, Al/K, and Rb/Sr in Core HKA-1, which are indicators of
chemical weathering intensity, can be used to track variations in
the intensity of the summer monsoon.

In marine sediments, Al, Ti, and Fe are derived primarily from
terrigenous detrital materials, and these elemental contents have
been widely used to indicate variations in the influx of terrigen-
ous materials into the marine depositional environment (Latimer
and Filippelli, 2001; Ishfaq et al., 2013; Revel et al., 2010).
Moreover, our previous published studies have confirmed that
contents of Al, Ti, and Fe in continental-shelf sediments from the
northern SCS can be successfully used to trace changes in terri-
genous material influx (Huang et al., 2019, 2021), supporting the
rationale for using Al, Ti, and Fe variations in Core HKA-1 as
tracers of terrigenous influx. Previous studies in southern China
have confirmed that monsoonal precipitation is the dominant
control on the intensity of continental erosion, with higher mon-
soonal precipitation generating a greater influx of terrigenous
materials (Clift et al., 2014; Hu et al., 2012; Wan et al., 2015). In
Core HKA-1, contents of Al, Ti, and Fe show similar temporal
patterns to those of CIA values and Al/Ti, Al/K, and Rb/Sr ratios.
We therefore conclude that strong monsoonal precipitation fa-
vours chemical weathering and thus generates greater volumes
of terrigenous detrital materials.

The grain-size distribution of marine sediments provides use-
ful information about paleoenvironmental conditions (Boulay et
al., 2007; Hu et al., 2012; Huang et al., 2011; Liu et al., 2016).
Warm and humid monsoonal conditions favour intense chemic-
al weathering and generate large volumes of fine particles
(Dinakaran and Krishnayya, 2011; Hu et al., 2012; Liu and Deng,
2014). The relative proportion of clay-sized particles in marine
sediments from the SCS has been used as an indicator of the

amount of terrigenous material input generated by continental
erosion caused by summer monsoonal precipitation (Hu et al.,
2012; Wang et al., 1999a, b). In general, higher monsoonal pre-
cipitation generates greater fluvial discharges and, eventually,
larger volumes of clay-sized particles in the marine depositional
environment. The clay content (fraction) in Core HKA-1 shows
similar patterns of variation to those of Al/K ratios and contents
of Al, Ti, and Fe (Fig. 4), which are considered to indicate vari-
ations in chemical weathering intensity and the amount of terri-
genous sediment influx, respectively. Therefore, we can infer that
higher monsoonal precipitation would trigger stronger chemical
weathering and a greater influx of terrigenous material, thereby
generating a higher proportion of clay in the continental shelf
sediments.

Core HKA-1 was collected from the northwestern shelf of the
SCS (Fig. 1). The terrigenous detrital sediments on the shelf of the
SCS are derived predominantly from the inputs of rivers in the
surrounding area. The Jianjiang River and Nandu River are the
two main rivers in the study area and discharge terrestrially
sourced sediments into the sea (Fig. 1). The sand content of these
two rivers is relatively high at ~0.38 kg/m3 (Wang, 2007). Sedi-
ment samples from these rivers are consistent with the sediment
types in Core HKA-1 (Gao et al., 2015), suggesting a common
provenance. Grain-size trend analysis suggests that the net sedi-
ment transport vectors offshore of the Jianjiang and Nandu rivers
are towards the southeast (Liu et al., 2014b; Xu et al., 2014). The
net sediment transport pathways illustrate a potential conver-
gence of terrigenous-derived surficial sediments to the location
of Core HKA-1. In addition, studies of heavy mineral geochem-
istry and U–Pb ages of detrital zircons from sediments on the
northwestern shelf of the SCS have suggested that sandy sedi-
ments on the northwestern shelf of the SCS were supplied mostly
by the Jianjiang River (Li et al., 2015; Zhong et al., 2017a). It is
therefore probable that the sediments of Core HKA-1 originated
mainly from sediment discharge of the Jianjiang River and
Nandu River. As over 90% of modern rainfall occurs during the
wet season (April to October), summer monsoonal precipitation
plays a key role in transporting sediments from the Jianjiang
River and Nandu River to the western shelf of the SCS. In sum-
mary, monsoon precipitation seems to be the primary control of
the levels of chemical weathering and continental erosion in
southern China. Thus, higher monsoonal precipitation would
generate stronger chemical weathering, higher rates of physical
erosion and a greater fluvial sediment input into the SCS area,
subsequently supplying a greater proportion of clay into sedi-
ments of Core HKA-1.

4.2  Climate change during 9 200–6 200 cal a BP
Multi-proxy records from core HKA-1 show similar trands

and wide fluctuations for the period 9 200–6 200 cal a BP (Fig. 4).
These high-resolution records allow us to investigate paleocli-
matic and hydrological variations during this interval.

Given that Core HKA-1 is located close to the coast (Fig. 1),
fluvial sediment discharge and shelf sediment deposition have
probably been influenced by changes in the location of the
shoreline. Thus, it is essential to consider the influence of relat-
ive sea-level change on the proxies measured for Core HKA-1.
During the interval 9 200–7 600 cal a BP, following a stage of sea
level rise (Fig. 5G; Zong, 2004), a decreasing trend of terrigenous
sediment influx into the shelf area would have been expected.
However, contents of Al, Ti, and Fe for this interval remain relat-
ively high and uniform and do not show any clear trend, suggest-
ing that the terrigenous material influx was consistent throu-

56 Huang Chao et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 9, P. 53–61  



ghout this period, in turn implying that variation in sea level was
not a dominant control on terrigenous sediment influx. The ASM
inferred from various records in southern China was extremely
strong for the period 9 200 cal a BP to 7 600 cal a BP (Huang et al.,
2016; Duan et al., 2014; Dykoski et al., 2005; Zhong et al., 2010).
The relatively high influx of terrigenous sediment can therefore
be attributed to the strong ASM during this interval. During the
period 7 600–7 200 cal a BP, sea level rose rapidly (Fig. 5G; Zong,
2004), and the distance between the site of Core HKA-1 and the
shoreline increased. During this interval, Al, Ti, and Fe show a
sharp decrease and clay content exhibits a marked decrease. This
correspondence of sea level change and proxies suggests that the
abrupt decrease in sediment discharge was caused by the rapid
rise in sea level. In addition, previous studies have detected an
abrupt decline in ASM intensity during 7 600–7 200 cal a BP
(Dykoski et al., 2005; Zhang et al., 2011). We therefore conclude
that sea level change and the intensity of the ASM controlled col-
lectively changes in terrigenous sediment influx during 7 600–
7 200 cal a BP. Sea level was constant from 7 200 cal a BP to 6 200
cal a BP (Fig. 5G; Zong, 2004), whereas the sediment discharge

inferred from our data exhibits wide fluctuations. These non-cor-
responding patterns suggest that variations in sediment dis-
charge during the interval 7 200–6 200 cal a BP were not related to
sea level.

For the interval of core corresponding to 9 200 cal a BP to
7 600 cal a BP, values of CIA, Al/Ti, Al/K, and Rb/Sr are high and
show high-frequency fluctuations, indicating intensive chemical
weathering, likely a result of an intense ASM. Similarly, high pro-
portions of clay and contents of Al, Ti, and Fe reflect a strong in-
flux of terrigenous material, suggesting high monsoonal precipit-
ation. The negative excursion in δ18O values recorded from
Dongge Cave during this period indicates a strong summer mon-
soon (Fig. 5F; Dykoski et al., 2005). The prevalence of a strong
summer monsoon during 9 200 cal a BP to 7 600 cal a BP has also
been inferred from chemical weathering records from ODP Site
1144 and Core KNG5 in the northern SCS (Hu et al., 2012; Huang
et al., 2016). An intense summer monsoon during this period
would have favoured intense chemical weathering and gener-
ated large amounts of terrigenous clastic material to be dis-
charged offshore, eventually leading to a higher proportion of
clay in the sediments of Core HKA-1.

For the interval 7 600–7 200 cal a BP, the intensity of chemical
weathering decreases sharply, as indicated by the profiles of CIA,
Al/Ti, Al/K, and Rb/Sr for Core HKA-1. The terrigenous sediment
influx is inferred to have decreased rapidly during this period, as
indicated by the contents of Al, Ti, and Fe. The clay fraction also
shows a marked decrease in this interval. The abrupt shifts in
these proxies measured from Core HKA-1 seem to indicate a rap-
id deterioration in climate, which is ascribed to an abrupt de-
crease in the intensity of the summer monsoon. Huguangyan
Lake is close to Core HKA-1. Contents of Ti and the magnetic
properties of sediments from Huguangyan Lake have been inter-
preted as indicators of the intensity of the winter monsoon
(Yancheva et al., 2007). However, Zhou et al. (2007) and Zaarur et
al. (2018) argued that sedimentary Ti in Huguangyan Lake would
have been derived mainly from catchment erosion rather than
aeolian input, and therefore variations in Ti content of sediment
should be associated with changes in regional hydrology. Shen et
al. (2013) further proposed that Ti supply is controlled by mon-
soon-dominated vegetation density, with strong monsoonal pre-
cipitation causing lower input of Ti into sediment. Several stud-
ies have confirmed that the magnetic properties of sediment
from Huguangyan Lake do not indicate variations in the intens-
ity of the winter monsoon, as magnetic minerals are derived
mainly from eroded pyroclastic material from the catchment
(Duan et al., 2014; Wang et al., 2016; Wu et al., 2012). Those stud-
ies also proposed that magnetic properties of sediments should
be inversely correlated to summer monsoon intensity. Modern
process investigation has provided further evidence that magnet-
ic minerals are derived mainly from weathered materials in the
catchment rather than aeolian dust input (Zhong et al., 2021).
The sedimentary Ti contents and magnetic susceptibility in the
studied core exhibit a marked increase in the interval 7 600–7 200
cal a BP (Figs. 5D and E), suggesting an abrupt weakening in the
summer monsoon (Yancheva et al., 2007), which coincides with
the abrupt climatic shift inferred from the measured proxies of
Core HKA-1.

For the interval 7 200 cal a BP to 6 500 cal a BP, values of CIA,
Al/Ti, Al/K, and Rb/Sr are relatively low, indicating weak chemic-
al weathering. The low clay content for this interval suggests a
low influx of terrigenous material, which is supported by the low
contents of Al, Ti, and Fe. The relatively low values of these prox-
ies in Core HKA-1 for 7 200–6 500 cal a BP are attributed to cold
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and dry climatic conditions. Within this period, a weak summer
monsoon is indicated by a positive excursion in δ18O values in
Dongge Cave (Fig. 5F; Dykoski et al., 2005) and the Ti contents
and magnetic susceptibility of sediments from Huguangyan Lake
(Figs. 5D and E; Yancheva et al., 2007). Such climatic conditions
would reduce the intensity of chemical weathering and generate
less terrigenous clastic material, thereby leading to a lower pro-
portion of clay particles in sediments of Core HKA-1.

For the interval 6 500–6 200 cal a BP, values of CIA, Al/Ti, Al/K
and Rb/Sr show an overall increasing trend, indicating enhanced
chemical weathering. The influx of terrigenous sediment also in-
creased during this period, as inferred from the clay fraction and
contents of Al, Ti and Fe. Values of δ18O from Dongge Cave exhib-
it a progressively more negative excursion during this period, im-
plying an enhancing summer monsoon (Fig. 5F; Dykoski et al.,
2005). Likewise, sedimentary Ti contents and the magnetic sus-
ceptibility of deposits in Huguangyan Lake show an overall in-
crease, consistent with increasing monsoonal precipitation (Figs.
5D and E; Yancheva et al., 2007). These various lines of evidence
point towards a stronger summer monsoon during this period.

4.3  Hydrological anomaly during 7 600–6 500 cal a BP
During the period 7 600–6 500 cal a BP, relatively low values

of CIA, Al/Ti, Al/K, and Rb/Sr, and low contents of Al, Ti, and Fe,
with correspondingly low clay contents, indicate less intense
chemical weathering and a weak influx of terrigenous material,
reflecting a dry period. Values of δ18O recorded from Dongge
Cave show a positive excursion, suggesting an arid climate dur-
ing this period (Fig. 5F; Dykoski et al., 2005). Dry climatic condi-
tions are also inferred from the Ti contents and magnetic sus-
ceptibility properties of sediments from Huguangyan Lake (Figs.
5D and E; Yancheva et al., 2007). The inferred dry conditions dur-
ing this period are supported by magnetic data of stalagmites
from Heshang Cave in the Jianghan Basin (Zhu et al., 2017),
grain-size parameters of sediments from Tengchong Qinghai
Lake (Zhang et al., 2017), and low water levels at Lake Chenghai
(Xu et al., 2020). Taken together, these data in southern China in-
dicate dry climatic conditions during 7 600–6 500 cal a BP.

Within dating uncertainties, the dry climatic conditions
between 7 600 cal a BP and 6 500 cal a BP recorded in Core HKA-1
are broadly consistent with the east–west equatorial Pacific
thermal gradient (Fig. 6D; Koutavas and Joanides, 2012). This
synchroneity suggests a link between hydrological change in
southern China and variation in tropical Pacific sea surface tem-
peratures (SSTs). Modern observations suggest that summer
rainfall over China is closely related to the thermal state of the
tropical Pacific (Chang et al., 2000; Chiang et al., 2015; Ding et al.,
2008; Wang et al., 2013). A temperature anomaly in the tropical
Pacific would affect rainfall over southern China by modulating
the intensity and location of the West Pacific subtropical high
(WPSH) (Hu, 1997; Zhou et al., 2009). A warmer (colder) SST in
the tropical western Pacific would generate stronger (weaker)
convective activity in the tropical Indian Ocean and tropical
western Pacific, and produce a strengthening and southwest-
ward (weakening and northeastward) displacement of the WP-
SH, thereby causing less (more) rainfall over southern China
(Huang and Sun, 1992). The changes in multiple proxies meas-
ured for Core HKA-1 correspond to variation in the east–west
equatorial Pacific thermal gradient during the interval 7 600–
6 500 cal a BP. Using TraCE-21ka simulations, Liu et al. (2014c)
demonstrated that the WPSH gradually became displaced west-
ward during this period. It would therefore appear that the
coupled variation in tropical Pacific SST and the WPSH poten-

tially modulate moisture variations over southern China. During
the period 7 600–6 500 cal a BP, convective activity over the trop-
ical western Pacific was enhanced owing to an increased
east–west equatorial Pacific thermal gradient, which favoured the
intensification and southwestward displacement of the WPSH,
eventually causing less rainfall in southern China.

In addition, temperature gradients between the northern and
southern hemispheres potentially mediate the intensity and loca-
tion of the WPSH and subsequently influence hydrological
change (McGee et al., 2014). In terms of overall trends, the indic-
ators of chemical weathering and terrigenous sediment influx
measured for Core HKA-1 show a similar pattern to variations in
interhemispheric temperature gradients (Fig. 6E; McGee et al.,
2014). During the interval 7 600–6 500 cal a BP, dry climatic con-
ditions were recorded in Core HKA-1, and interhemispheric tem-
perature gradients were large, consistent with a strengthening
and southwestward displacement of the WPSH (Liu et al., 2014c).
These results suggest a link and interaction between hydrologic-
al change in southern China, tropical Pacific SST, and the WPSH.

5  Conclusions
This study has established high-resolution geochemical and

grain-size records for the interval 9 200–6 200 cal a BP in Core
HKA-1 obtained from coastal shelf sediments of the northern
SCS. Results suggest that the geochemical and grain-size vari-
ables measured in the core can be used as environmental prox-
ies and are sensitive to regional climatic and hydrological condi-
tions. During the interval 9 200–7 600 cal a BP, multiple proxies
reveal warm and humid climate conditions, which are inferred to
have been generated by strong monsoonal precipitation. The
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Fig. 6.   Comparison between various paleoclimate records: CIA
values in Core HKA-1 (A); Ti contents in Core HKA-1 (B); clay
contents in Core HKA-1 (C); tropical Pacific sea surface temper-
ature (SST) gradient (Koutavas and Joanides, 2012) (D); North-
ern-Southern hemisphere temperature gradients (McGee et al.,
2014) (E).
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subsequent stage, from 7 600 cal a BP to 7 200 cal a BP, was char-
acterised by abrupt decreases in terrigenous sediment influx and
the intensity of chemical weathering in the continental sediment-
ary source region, indicating the combined influence of sea level
rise and a strong ASM. During the period 7 200–6 500 cal a BP,
cold and dry climatic conditions are recorded, probably result-
ing from a weak ASM. During the interval 6 500–6 200 cal a BP,
the enhancement of continental chemical weathering and terri-
genous sediment influx is attributed to increasing monsoonal
precipitation. The measured proxies show a prominent hydrolo-
gical anomaly for the period 7 600–6 500 cal a BP, coincident with
a dramatic decrease in monsoonal precipitation. This abrupt hy-
drological event was synchronous with tropical Pacific SST and
interhemispheric temperature gradients. We therefore conclude
that the zonal Pacific and interhemispheric temperature gradi-
ents influenced moisture variations in southern China by modu-
lating the intensity and location of the WPSH.
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