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A B S T R A C T

The link between tropical cyclone (TC) activity in the South China Sea (SCS) and global climate change is
commonly debated and there is a clear need for long-term geological records of TC activity if we are to clarify
this connection. Multi-millennial, high-resolution paleo-storm records from the SCS are rare in the region and
this causes difficulties for those exploring potential climate drivers of TC variability over centennial to millennial
timescales and reduces our ability to fully assess the risks associated with future TC activity. This paper presents
an age-constrained, mud-dominated sedimentary sequence from a coastal lagoon on Hainan Island, China.
Multiproxy analyses incorporating chronological, lithological, sedimentological, and geochemical evidence were
used to infer storm deposits preserved within the sequence and to reconstruct a time series of storm activity in
the SCS during the mid-to-late Holocene. This long sedimentary record shows that TCs were highly active over
the periods 5500 to 3500 and 1700 to 0 cal yrs. BP, and these periods contrast with a relatively quiet period
3500–1700 cal yrs. BP. An apparent inverse correlation between TC reconstructions from the SCS and those from
the Korean Peninsula and Japan implies an oscillating pattern across the SCS and western North Pacific (WNP)
over centennial to millennial timescales. A comparison between the sedimentary and paleoclimatic records
implies that the El Niño–Southern Oscillation was not the only mechanism responsible for typhoon variability
over the past 7500 cal yrs. BP, suggesting that other factors such as the thermal state of the western Pacific warm
pool likely also had a strong influence on both SCS and WNP TC variability.

1. Introduction

The inhabitants of coastal areas of South China Sea (SCS) and the
Western North Pacific (WNP) are experiencing increasingly frequent
and intense typhoons that are causing significant societal and economic
problems, as was demonstrated by the catastrophic impact of Typhoon
Haiyan on the Philippines in 2013 (Soria et al., 2016). Such disastrous
events have fueled the debate over whether the recent increases in the
intensity and frequency of typhoon activity should be attributed to the
warming of the global oceans and climate (e.g. Emanuel, 2005;
Gaertner et al., 2007; Stowasser et al., 2007; Mann et al., 2009; Knutson
et al., 2010; Mendelsohn et al., 2012; Nissen et al., 2014). The major
problem with this debate is that we know little about how the complex
mechanisms that drive the generation, track shift, and evolution of

typhoons in this WNP and SCS have been altered by the climate
(Woodruff et al., 2009). This is partly because accurate records of TC
activity begin in 1945 CE, which is too short an interval to assess any
changes occurring over multi-centennial to millennial time scales. Thus,
researchers are increasingly using geological evidence to extend the
length of typhoon activity records beyond the instrumental period and
thereby develop a better understanding of the possible linkage between
future climate change and increasing storm intensity and frequency
(e.g. Liu and Fearn, 1993; Nott, 2004; Woodruff et al., 2009; Reed et al.,
2015; Toomey et al., 2016; Lau et al., 2016).

This field of paleotempestology (Nott, 2004; Liu, 2007; Hippensteel,
2010), was developed to enable millennial or longer-period studies of
storm activity (Liu and Fearn, 1993; Donnelly et al., 2001, 2004; Liu
et al., 2001; Woodruff et al., 2009; Toomey et al., 2016) using

https://doi.org/10.1016/j.margeo.2019.105987
Received 5 March 2019; Received in revised form 12 July 2019; Accepted 12 July 2019

⁎ Corresponding author.
E-mail address: sgao@sklec.ecnu.edu.cn (S. Gao).

Marine Geology 416 (2019) 105987

Available online 18 July 2019
0025-3227/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00253227
https://www.elsevier.com/locate/margo
https://doi.org/10.1016/j.margeo.2019.105987
https://doi.org/10.1016/j.margeo.2019.105987
mailto:sgao@sklec.ecnu.edu.cn
https://doi.org/10.1016/j.margeo.2019.105987
http://crossmark.crossref.org/dialog/?doi=10.1016/j.margeo.2019.105987&domain=pdf


geological records (Nott, 2004; Liu, 2007; Toomey et al., 2016). Geo-
logical proxies of storm activity include storm-induced beach ridges and
cheniers (Hayne and Chappell, 2001; Nott and Hayne, 2001), storm-
related deposits in estuarine–deltaic environments, paleontological
analysis, organic geochemical signatures from coastal lakes (Das et al.,
2013), and δ18O records from speleothems (Malmquist, 1997; Frappier
et al., 2007). The storm-induced coarse-grained deposits preserved
within back-barrier lagoonal environments have been recognized as a
particularly effective proxy and widely used to extend records of TC
landfalls over the southern and eastern United States (Liu and Fearn,
1993; Donnelly et al., 2004; Donnelly and Woodruff, 2007; Boldt et al.,
2010; Brandon et al., 2013), the Mediterranean (e.g. Sabatier et al.,
2008, 2010, 2012; Degeai et al., 2015; Raji et al., 2015; Dezileau et al.,
2016), the Central Pacific (Toomey et al., 2013; Lau et al., 2016),
Western Australia (Nott, 2011), East Asia (Woodruff et al., 2009), and
the SCS (e.g. Yu et al., 2009a).

Some studies based on meteorological data have shown that El Niño-
Southern Oscillation (ENSO) strongly affects TC activity in the SCS and
WNP (e.g. Chan, 1985, 2005; Lander, 1994; Wang and Chan, 2002;
Camargo et al., 2007; Cao et al., 2014). However, its influence is different
within the two areas. The overall number of TCs does not differ significantly
between El Niño and La Niña years (Wang and Chan, 2002). However,
during La Niña (El Niño) years, TCs appear more (less) frequently, form
farther westward (eastward), and are more likely to curve backward to-
wards the Northern SCS (Southern China; Wang and Chan, 2002).

Several studies of long-term patterns have suggested that storm activity
across the WNP basin has varied over centennial to millennial time scales
over the past 5000 years (e.g. Woodruff et al., 2009; Chen et al., 2012;
Katsuki et al., 2016; Yang et al., 2017b). Centennial-to millennial-scale ty-
phoon reconstructions for southwestern Japan and southern Korea (north-
eastern WNP) indicate that ENSO has likely played a key role in governing
typhoon variability during the mid-to-late Holocene (e.g. Woodruff et al.,
2009; Yang et al., 2017b). However, other climatic factors (e.g. the East Asia
summer monsoon (EASM) pattern, the expansion of the WPWP) are also
thought to have limited El Niño-like variability during the mid-to-late Ho-
locene (Chen et al., 2012; Katsuki et al., 2016; Yang et al., 2017b), possibly
restraining TC activity in the SCS. In comparison with the northeastern
WNP, there is a lack of continuous, high-resolution millennial-scale storm
records from the SCS (e.g. Yu et al., 2009a; Zhou et al., 2017). Historical
documents that record typhoon landfalls from Guangdong and Hainan
Provinces in Southern China extend back 1000 years, and complete records
for typhoon strikes to the region are likely to be reliable back to only
1600CE (Chen, 1995; Liu et al., 2001). Geological reconstructions of storm
frequency for the SCS are restricted to a few dated reef blocks along reef
flats on Nansha and other nearby islands (Yu et al., 2004;Yu et al., 2009a).
Radiocarbon and U-series dating of these reef blocks have yielded calibrated
ages between 78 and 1640 yrs. BP (Zhu et al., 1991; Yu et al., 2004). These
low-resolution records limit our ability to characterize higher-frequency
patterns in the SCS and storm activity across the whole basin.

Hainan Island, south China (Fig. 1a), is one of the areas in the WNP
that is most frequently and seriously affected by storms (Goh and Chan,
2010; Yap et al., 2015). Reliable instrumental data for this area began
in 1949 CE (http://www.typhoon.org.cn/). According to the best track
dataset for the WNP, a total of 87 TCs crossed Hainan Island between
1964 and 2013, with an average recurrence rate of 1.7 per year and a
maximum of 5 events in 1971 (Liang et al., 2015). Prior to the best
track dataset, the documentary archives of paleostorm information can
be traced back to the Song Dynasty (960–1279 CE) and the Yuan Dy-
nasty (1271–1368 CE), but detailed accounts of storm events are
available for only the past 500 years (Chen, 1995; Wen, 2007).

In addition, the historical seismic records show that earthquakes
with a magnitude> 7.0 are rare in the oceanic area close to Hainan
Island (Mak and Chan, 2007). Recent studies (Li et al., 2016; Sepúlveda
et al., 2019) show that the tsunami hazard in the next 500 years for
cities along the eastern coast of Hainan Island is negligible (wave
height< 1m). The only observed tsunami to have affected Hainan

Island was generated by an offshore earthquake (Mw=3.7) on 4
January 1992 and the struck south of the island, but the maximum
tsunami wave, recorded in Yulin Bay, was only 0.78m high (Ye et al.,
1994). With few tsunami events and the widespread coastal lagoons
and salt ponds (Song, 1984), Hainan Island is an ideal location for the
creation and preservation of valuable storm archives of long-term scale.

Previous coring and geophysical studies indicate that lagoon deposits
have considerable potential to provide meaningful information on past
storm activity (Zhou et al., 2017). Here, we use sedimentary records from
Xincun Lagoon, Hainan Island, China, to reconstruct the typhoon activity in
the SCS during the mid–late Holocene, and to answer three main questions.
(1) how has typhoon activity around the SCS changed over the mid–late
Holocene? (2) is there a statistically significant relationship between ENSO
and typhoon frequency in the SCS over centennial to millennial timescales?
(3) what are the effects of different climatic regimes (e.g. ENSO andWPWP)
on the SCS and even WNP typhoon activity?

2. Study areas and sites

Hainan Island is located in the northern SCS, to the west of the
WNP. The oceanographic conditions around the island are character-
ized by a microtidal regime that is irregularly diurnal (Wang et al.,
2001). A tropical monsoon climate prevails, with hot and rainy sum-
mers that contrast with mild and dry winters. When cyclones hit Hainan
Island, they typically either head towards the east coast of the island or
pass to the south and head towards Vietnam (Wang et al., 2001;
Fig. 1a). This island lies further away from plate boundary and southern
side of this island has been stable tectonically (Chen et al., 2015). Over
the past 7000 yr in the northern SCS, sea level has been relatively stable
(< 2m; Baker et al., 2003; Zong, 2004; Shi et al., 2007; Yu et al.,
2009b; Yao et al., 2013; Xiong et al., 2018).

Xincun Lagoon is one of the largest coastal lagoons on the south-
eastern coast of Hainan Island (Fig. 1). The present study site is located
along the southeastern-facing shoreline and is vulnerable to intense
storms arriving from the SCS and WNP. The bay covers 22.6 km2 with a
width of around 4.5 km and is separated from the open sea by granite
hills (Nanwan Monkey Hill and Liuliang Hill), and exchanges water
with the SCS through one narrow entrance (ca. 2 km long) in the
southwest of the lagoon. This lagoon is located on the more tectonically
stable south side of Hainan Island, where there are few active faults and
little evidence of historical tsunami events (Chen, 1995; Zhou et al.,
2017; Jiang et al., 2018). Two small streams drain into the tidal basin at
a rate of approximately 1 m3/s (The Compile Committee of China Bay
Records, 1999). The modern sediments accumulating at the bottom of
the lagoon are dominated by clay and silt (Yang et al., 2017a). The
strongest winds and waves are from the southeast and east. Mean sig-
nificant wave height is< 1m, although during large storm condition it
can reach about 4m (Gong et al., 2008). Tidal variability is modest
(mean range of 0.56m), which minimizes the influence of dynamic
tidal currents (Gong et al., 2008; Zhou et al., 2017).

3. Materials and methods

To reconstruct the depositional history of the lagoonal sediments in
Xincun Bay, we acquired high-resolution seismic profiles, sediment
cores, and geochronologies from the lagoon. The late Quaternary stra-
tigraphy was mapped in October 2013 using a 3.5 kHz Geo-Pulse sub-
bottom profiler (Geo-Acoustics, UK) coupled with a high-accuracy GPS
(Trimble GPS SPS351). The penetration velocity of the transmitted
signal was taken as 1600m s−1. The upper-most sedimentary unit (Unit
1) is approximately 5–10m in thickness and seismic observations show
no channel near the core sites of the lagoon within Unit 1 (Fig. 1c). The
parallel and undisturbed stratigraphy of Unit 1 indicates a continuous
sedimentary sequence within this upper unit (Fig. 1c).

A sediment core 5.8 m long (XCL-02, Fig. 2) was collected on Jan-
uary 20, 2016 using a drilling system equipped with a hydraulic piston
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on a floating platform. Core XCL-02 (109°58′56.59″ E, 18°24′30.17″N)
was collected at about 11m lagoon water level (Fig. 1b). The core site
was located> 2000m from the entrance, and>4500m from the
nearest tributary mouth (Fig. 1b). Surficial sediments were also sam-
pled from the watershed of the Xincun lagoon and from the beach (12
samples in total; Fig. 1b), to identify the source of the coarse grained
materials deposited in the tidal basin of Xincun Lagoon. The sediment
cores were transported to the State Key Laboratory of Marine En-
vironmental Science (Xiamen University) where they were refrigerated
at 4 °C prior to being split, described, and photographed. Core XCL-02
was covered with a 4-μm-thick Ultralene film to avoid contamination of
the Avaatech X-ray fluorescence core scanner (XRF) measurement unit
and desiccation of the sediment (Richter et al., 2006). A halved core
was run through a non-destructive, XRF to obtain a high-resolution
down-core profile (at an interval of 2–5mm) of the sediment's ele-
mental composition (Hennekam and de Lange, 2012) and under two
different tube voltage (for light elements: 0.1mA, 10s count time, and
10 kV; for heavier ones: 0.75mA, 45 s count time, and 30 kV). Only
significant element contents (> 1000 cnts/s) are used. Reliable data

were obtained for Al, Si, S, Na, K, Mg, Ca, Ti, Mn, Fe, Cu, Zn, Br, Sr, Rb,
Zr, and Pb. Four powdered standards were analyzed every day before
and after the analysis of the sediment cores to monitor signal drift,
which showed that the signal remained stable during the analytical
runs. In addition, the surficial sediments were subjected to geochemical
analysis using a Panalytical PW230 X-ray fluorescence spectrometer
(Zhang et al., 2015).

Grain size analysis of 1-cm sub-samples was conducted using a
Mastersizer-2000 laser particle analyzer, which has a relative error
of< 1% for replicate measurements (Jia et al., 2018). Each sample was
measured three times and the repeatability of measurement was ver-
ified according to the statistics of the international standard ISO 13320-
1. The GRADISTAT program version 4.0 (Blott, 2000) was used to
calculate the sample statistics of the grain size distribution; i.e., mean
grain size (Mz), sorting (S), standard deviation (σ), Skewness (Sk), and
Kurtosis (K).

Dating of the sedimentary layers for the depth of (0–115 cm) was
carried out using the 210Pb and 137Cs methods on a centennial time-
scale. Samples were dried at 60 °C for three days, and then sediment

Fig. 1. (a) Map of the western North Pacific showing the study area (red square) in relation to the generalized tracks of TCs over the WNP over the past 50 years
(modified from Chen et al., 2013). The locations of Korea (Yoo et al., 2015), Kamikoshiki Island, Japan (Woodruff et al., 2009), Guangdong Province (Liu et al.,
2001), the Xisha Islands of SCS (Yue et al., 2019), and core MD98–2181 core (Stott et al., 2004) mentioned in text are identified by numbers1–5, respectively. (b)
Maps showing the location of Xincun Lagoon on the southeast of Hainan Island (blue line) with bathymetry from chirp seismic survey lines, and location of core XCL-
02 (red circle). (c) Seismic profile across the coring site. Blue dashed line indicates the location of core XCL-02. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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bulk dry density was calculated from the percent water content (Jia
et al., 2012). After drying, sediment samples were filtered with an
aperture of 63 μm to obtain fine sediments and sealed in a plastic box

(70×70mm) for three weeks. The 137Cs and 210Pb activities analyses
by an HPGe γ-ray detector (Canberra Be3830). The activities of 210Pb
and 137Cs were determined from the γ-ray peaks at 46.5 and 661.6 keV,
respectively (Wang et al., 2016, 2017). The 210Pbex activities were
calculated by the subtraction of the activity of total 210Pb and the ac-
tivity of 226Ra, determined using the γ lines at 351.9 keV for 214Pb and
609.3 keV for 214Bi. The 210Pb chronology was determined using the
constant flux constant sedimentation (CFCS) model (Krishnaswamy
et al., 1971).

The centennial- to millennial-scale chronologies were constrained
using the accelerator mass spectrometry (AMS) 14C and optically sti-
mulated luminescence (OSL) dating methods. Three samples of plant
material were sent to Beta Analytic for AMS radiocarbon dating
(Table 1) and the calibrated age ranges were determined using the In-
tCal13 dataset (Reimer et al., 2013), where “Present” is defined as
1950 CE by convention. To complement the radiocarbon dating results,

Fig. 2. (a) Lithology, mean grain size, sediment composition of sediment core XCL-02. The pink bars represent the 12 sand beds. (b) 210Pb chronology for XCL-02 (the
top part shows a 210Pb profile for the upper 115 cm of XCL-02, circles and error bars show the measured 210Pb activity and 2 sigma error range, and grey dashed line
indicates level of supported 210Pb in the sediment). (c) Age–depth profile of sediment core XCL-02 with age data and estimated sedimentation rates. The thick red line
indicates single best model based on the weighted mean age for each depth. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 1
Radiocarbon dates and OSL dates for Core XCL-02.

Sub-samples Depth
(cm)

14C/OSL age
(yr BPa)

Cal yr BP (2σ)
(yr BPa)

Material Method

XC-beta-01 131 2000 ± 30 1995–1875 Woody
debris

AMS

XCOSL-01 175–180 2660 ± 185 2475–2845 Quartz OSL-SAR
XCOSL-02 296–302 3870 ± 175 3595–4145 Quartz OSL-SAR
XCOSL-03 375–380 4860 ± 440 4420–5300 Quartz OSL-SAR
XC-beta-03 458 5810 ± 30 6650–6485 Charcoal AMS
XC-beta-04 553 6240 ± 30 7165–6975 Charcoal AMS

a “Present” is defined as 1950 CE by convention.
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three OSL ages were obtained from quartz grains of the 40–63 μm
fraction using the single-aliquot regenerative (SAR) -dose protocol
(Murray and Wintle, 2000). The OSL sampling was undertaken in the
TL/OSL dating laboratory of Shaanxi Normal University, China under
subdued red-orange light. Luminescence measurements for OSL sam-
ples were conducted on a Risø-TL/20 reader equipped with a 90Sr/90Y
beta source. For each of the OSL samples, 20 aliquots were measured.
The contents of U, Th, and K in the samples was measured by neutron
activation analysis at the China Institute of Atomic Energy in Beijing,
China. The OSL ages were determined using the program Age.exe
(Grün, 2003). The equivalent doses (De) for all OSL samples showed an
asymmetric distribution (Fig. S1), which based on the age and deposi-
tional environment, was most probably caused by partial bleaching. To
avoid overestimation of the OSL ages due to this partial bleaching, the
OSL ages were interpreted using a Minimum Age Model (MAM),
adapted from Olley et al. (1998), and were calibrated to ages before
1950 CE (Table 1), as reported previously by Zhou et al. (2016). Finally,
the chronology of the core XCL-02 was produced using the Bayesian
model Bacon program (Blaauw and Christen, 2011).

4. Results

4.1. Stratigraphy and chronology

The uppermost 10m of the sediments deposited within Xincun
Lagoon are characterized by laminated, parallel to subparallel seismic
reflectors (Fig. 1c). Core XCL-02 was primarily composed of a grey mud
that contained intercalations of coarser grained (sandy) deposits. Based
on lithology, grain size, and chronostratigraphy, we divided core XCL-
02 into three units in ascending order as follows.

4.1.1. Lower unit (580–110 cm)
This unit comprises greenish-grey silt interbedded with layers of

coarser grained deposits or mixed coarse sand and shell fragments
(Figs. 2, 3). Silt (27.66% to 86.13%) is dominant, followed by sand
(2.92% to 68.09%) and clay (4.17% to 14.79%). The mean grain size is
between 8.05 and 75.12 μm (overall average 15.90 μm). The coarser
grained layers generally consist of rounded sand-sized siliciclastic
grains interspersed with calcium carbonate shells and shell fragments

(Figs. 2, 3). Most of these coarser layers have a low proportion of or-
ganic material and grade from olive grey to grey or black in colour, with
some showing fine-scale laminations (1–2mm) and lenticular bodies
(Figs. 2, 3). Several sand beds occur within the non-laminated coarser
grained units (Figs. 2, 3), which may suggest deposition by multiple
events. The fine grained mud with homogeneous sediment structure
(Fig. 3) indicated that the core areas were experiencing weak re-
suspension in the tidal basin during this stage. Lenticular bedding, wavy
bedding, parallel lamination (Fig. 3) are common in some coarse grain
layers.

The basal mud at 5.53m in core XCL-02 was dated to ca. 7000 cal yr
BP, which supports the interpretation that the 5.8m sediment sequence
accumulated during the mid-to-late Holocene. An age of
6568 ± 83 cal yr BP at 458 cm depth was obtained from AMS 14C
dating of charcoal. A charcoal sample from a depth of 131 cm was dated
to 1935 ± 60 cal yr BP. Therefore, the sedimentation rate between 131
and 458 cm in the middle unit of the core was calculated to be ap-
proximately 0.8 mm/yr (Fig. 2c). Ages of 2660 ± 185 cal yr BP at
175–180 cm, 3870 ± 175 cal yr BP at 296–312 cm, and
4860 ± 440 cal yr BP at 375–380 cm depth obtained using OSL dating
also support our calculated sedimentation rate. These two 14C and three
OSL ages indicate that this unit was deposited mainly between 7000
and 2000 cal yr BP.

4.1.2. Middle unit (110–20 cm)
This unit consists mainly of a grey to light grey sandy mud (Figs. 2,

3). The sand content is between 15.72% and 77.14%, silt between
20.04% and 72.37%, and clay between 2.83% and 11.92%. The mean
grain size is 11.99–93.14 μm (overall average 52.02 μm). This sandy
mud, together with the presence of rip-up clasts (Fig. 3b), reflects a
high-energy depositional environment with significant resuspension
(Chen et al., 2000; Wang et al., 2010, 2012).

4.1.3. Upper unit (20–0 cm)
This unit is characterized by yellowish-grey silt interbedded with

laminated thin sand layers. The silt content is 56.75% to 78.81%, and
the clay and sand contents are 4.49% to 7.82% and 14.46% to 38.77%,
respectively. The sand layers are generally thin (1–2mm) in the upper
unit. The mean grain size (20.52 μm) is finer than in the underlying

Fig. 3. Core photographs of typical sedimentary fa-
cies in core XCL-02; (a) 0–20 cm: fining-upward mud
underlain by finely laminated coarse silt layers. (b)
40–60 cm: structureless sandy-mud mixed with
abundant shell fragments and mud rip-up clasts. (c-f)
examples of sandy facies interbedded with homo-
geneous mud-dominated deposits: (c) thick and thin
sand layers (450–470 cm), (d) lenticular body
(350–360 cm), (e) laminated sand layer
(170–180 cm), and (f) wavy (270–290 cm) sand
layers.
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middle unit (Fig. 2). This fining-upwards trend may reflect a decrease in
the energy of the depositional environment and hence resuspension
during this period. We suggest that this was caused mainly by increases
in aquaculture and coastal construction in recent decades (Zhou et al.,
2017), which have led to a reduction in the tidal prism and lower flow
velocities (Yang et al., 2017a).

Because the 137Cs activity in majority samples was below the de-
tection limit (0.5 Bq/kg), we were unable to obtain a reasonable 137Cs
profile. The excess 210Pb profile shows an exponential decay with depth
(Fig. 2b). Below 20 cm depth where the sharp changes in the value of
excess 210Pb occurred, the 210Pb activity remained largely steady
(Table 2), representing the background value. The 210Pb ages indicate
that the upper unit of the core was deposited between about −25 cal yr
BP and the present (Fig. 2, Table 2).

4.2. Grain size

The grain size analysis (Table 3; Fig. 4a) of beach samples B1-B6
show unimodal distributions with mean grain size of
280.85–324.08 μm, indicating well sorted fine to medium sand sedi-
ments (Folk and Ward, 1957). The fluvial samples (F1–F6) came from
the two small streams. It is assigned as the fluvial source. Fig. 4a shows
that the fluvial sediments have unimodal to multimodal distributions
with a mean grain size in the range of 17.04–76.99 μm. These deposits
are a poorly sorted fine silt to very fine sand sediments, which reflects
the relatively short distance of transportation along the two short
streams. These fluvial surface sediment samples show a generally de-
crease in the grain size from upstream to downstream through the river
watershed (Table 3; Fig. 4a).

As the dominant sediments in this core are silts, and the mean
percentage of the>63 μm fraction of this core is 24.08 ± 0.7%, we
interpreted subsamples with>24 ± 0.7% sand (> 63 μm) as

indicating high-energy depositional events (Fig. 2a). Nine prominent
shifts in grain size are apparent in the core (Fig. 2a). Throughout the
lower unit (110–580 cm), eight sand peaks are evident, and the average
percentage of sand is 27.81% (24.1% to 38.2%). In the middle
(20–110 cm) and upper units (0–20 cm), two sand peaks are evident, and
the average percentage of sand are 30.87% and 55.91%, respectively
(Fig. 2a).

The “grain size versus standard deviation” method, based on cal-
culating the standard deviation for each grain size class of the grain size
distribution, was used to identify the grain size intervals with the
highest variability (Fig. 4b; Boulay et al., 2003). The standard deviation
quantifies the variability around the mean. Using this method, it is
possible to determine the grain size classes that were most sensitive to
changes in the sedimentary environment through time (Sun et al., 2003;
Sabatier et al., 2008; Degeai et al., 2015). The standard deviation versus
grain size classes for core XCL-02 are displayed in Fig. 4b. The two main
grain size populations that show the highest variability (standard de-
viation ≥0.6) are 3–25 μm (clay to medium silt) and 70–400 μm (fine
sand to medium sand). This means that the percentage of> 63 μm
fraction can be used as a proxy to detect inputs of the coarser deposits
into the lagoon (e.g. Switzer et al., 2005).

The fine grained sediment sequence is interbedded with 10 coarser
beds (Fig. 2a, pink and red bands in Fig. 5). The main peaks in grain size
(i.e.> 63 μm fraction) in the core occur at depths of 545–580,
470–485, 440–460, 380–410, 260–315, 170–185, 145–155, 120–135,
95–115, and 10–85 cm. These average peak values of the>63 μm

Table 2
Lead-210 data used to determine the relation between sediment age and depth.

Depth (cm) 210Pb activity (dpm/g) Mass depth
(kg/m2)

Calibrated age
(cal yr BP)

Total Unsupported

0–1 2.1 ± 0.2 1.8 ± 0.2 1.1 −63 ± 1
4–5 1.8 ± 0.2 1.3 ± 0.2 5.7 −55 ± 1
9–10 1.2 ± 0.2 0.9 ± 0.2 11.5 −45 ± 2
14–15 1.0 ± 0.2 0.6 ± 0.1 17.4 −35 ± 3
19–20 0.8 ± 0.2 0.44 ± 0.2 23.3 −25 ± 4
29–30 0.7 ± 0.2 0.32 ± 0.2 36.6
39–40 0.4 ± 0.2 0.25 ± 0.1 50.2
49–50 0.5 ± 0.2 0.23 ± 0.1 63.7
59–60 0.4 ± 0.1 0.16 ± 0.1 78.2
74–75 0.3 ± 0.1 0.1 ± 0.1 99.8
94–95 0.3 ± 0.1 0.1 ± 0.1 130.6
114–115 0.4 ± 0.1 0.2 ± 0.1 158.2

Table 3
Grain-size distributions of the surface samples from the fluvial (F1-F6) and
beach (B1-B5) sediments of Xincun Lagoon.

Sample name Mean
(μm)

Md
(μm)

Sorting Skewness Kurtosis

F1 62.88 66.12 1.72 −0.12 1.23
F2 44.12 61.78 3.55 −0.44 1.13
F3 75.28 69.52 2.14 0.20 1.31
F4 17.04 17.89 3.62 −0.11 0.97
F5 76.99 71.32 2.12 0.19 1.34
F6 35.49 43.67 3.38 −0.27 1.02
B1 290.28 285.10 1.43 0.10 1.01
B2 297.22 285.13 1.58 0.22 1.18
B3 280.85 267.20 1.56 0.20 1.06
B4 281.35 275.34 1.41 0.13 1.06
B5 324.08 299.55 1.62 0.27 1.01

Fig. 4. (a) Grain-size distributions of representative samples of river (F1-F6)
and beach (B1-B6) sediments from Xincun Lagoon. (b) Standard deviation vs
grain size diagram for XCL-02 with blue and pink dots representing the part of
the grain size distribution with the highest variability between 3 and 25 μm,
and between 70 and 400 μm, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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fraction range from 25.13% to 55.91% and the maximum value
(77.14%) was found around 52 cm depth.

4.3. Geochemistry

Twelve geochemical data sets of surficial samples (Ti, Fe, Sr, Ca, Cu,
Zn, Zr, Mn, Co, As, Rb, and Pb) were obtained using an X-ray fluores-
cence spectrometer. Variations in the concentrations of the most im-
portant elements shows that the elemental composition of the beach
sediments is enriched in Sr, Zr, and CaO, depleted in Fe2O3, TiO2, MnO
and Rb (Fig. 6). On the contrary, fluvial sediments is enriched in Fe2O3,
TiO2, MnO, Al2O3, and Rb. Similarly, Pe-Piper et al. (2016) reported
that river sediments from eastern Hainan Island characterized by K2O
(2.51% to 3.08%), TiO2 (0.29% to 2.89%), Fe2O3 (0.85% to 4.73%) and
Rb (77–96 ppm), whereas the sandy beach deposits are characterized by
Zr (286–15,400 ppm), CaO (0.19% to 19.51%), and Sr (36–1509 ppm).
Although our results were based on a limited number of samples and
detected elements, they are in agreement with previous studies in the
area (Zhu et al., 2004; Wang et al., 2017b).

Down-core profiles of Sr, Zr, Ca, Al, Fe, Rb, Ti, and Mn can also be
used to identify or delineate the different sedimentological units
(Fig. 7). As with the geochemical results for the surficial sediments, we
were able to identify two element groups in core XCL-02. The first
group comprises Al, Fe, Rb, Ti, and Mn, which exhibit similar varia-
tions. The contents of this first group of elements are higher in the finer
grained intervals than in the coarser layers. This group shows relatively
high base levels in the lower (below 110 cm) and upper (above 20 cm)
units, and lower base levels in the middle unit (Fig. 7). The contents of
Al, Fe, Rb, Ti, and Mn vary within the ranges 288–16,347,
20,076–140,453, 2298–14,035, 1663–19,992, and 256–2765 cnts, re-
spectively, and have average values of 10,262, 98,842, 9759, 13,273,
and 1140 cnts, respectively. The second group comprises Sr, Zr, and Ca,

and displays a different behavior to the first group (Fig. 7). These three
elements are relatively enriched in the coarser grained intervals; i.e.,
the middle unit (20–110 cm). The contents of Zr, Sr, and Ca are within
the ranges 4173–60,188, 12,185–108,254, and 4885–321,182 cnts,
respectively, with averages of 18,785, 42,529, and 103,070 cnts, re-
spectively.

Inter-element ratios can be used to trace storm deposits geochemi-
cally (Dezileau et al., 2011, 2016; Sabatier et al., 2012; Raji et al.,
2015). In this study, only interelement ratios which present the most
important variations through depth were selected. And we chose the
ratio Zr/Rb and Sr/Fe, which also have been widely used to distinguish
the marine and fluvial source (e.g. May et al., 2012; Degeai et al., 2015;
Raji et al., 2015). As shown in Fig. 5, we can find relatively stable base
values of Zr/Rb and Sr/Fe ratios vary from 1.0 to 1.6 and 0.5–1.0, re-
spectively, in the lower unit (below 110 cm). Between 20 cm and 110 cm
depth, the Zr/Rb and Sr/Fe ratios base values increase to 2–3 and 1.5–2,
respectively. Above the 20 cm, the Zr/Rb and Sr/Fe ratios base value
around 1.5 and 1.0 respectively.

As the mean values of the Zr/Rb and Sr/Fe ratios were 1.97 ± 0.4
and 0.71 ± 0.1, respectively, we interpreted the positive anomalies in
the Zr/Rb and Sr/Fe ratios (i.e.> 1.97 ± 0.4 and 0.71 ± 0.1, re-
spectively; Fig. 5) as indicating “high-energy” events. The Zr/Rb and
Sr/Fe ratios are high mainly in the nine coarse grained intervals along
the XCL-02 sequence (Fig. 5). These high values of Zr/Rb and Sr/Fe
ratios vary from 1.94 to 5.28 and 0.74 to 2.48. The maximum value is
found around 46 cm (Zr/Rb) and 405 cm (Sr/Fe), respectively.
Throughout the lower unit (110–580 cm), six Zr/Rb peaks and four Sr/
Fe peaks are evident and the average values of the Zr/Rb and Sr/Fe
ratios are within the ranges 1.94–2.42, and 0.87–1.14, respectively. In
the middle (20–110 cm) and upper units (0–20 cm), two Zr/Rb peaks and
Sr/Fe peaks are both evident, and the average values are increase to
2.79–3.32 (Zr/Rb) and 1.33–1.56 (Sr/Fe), respectively. The main peaks
of Zr/Rb and Sr/Fe ratios in the core occur at depths of 547–580,
440–460, 380–415, 340–350, 260–315, 170–185, 95–115, 10–85 cm,
and 380–415, 170–185, 140–155, 120–135, 95–115, 10–85 cm, re-
spectively (Fig. 5).

5. Discussion

5.1. Age–depth model for core XCL-02

The chronology of the core XCL-02 was established by combining
the 210Pb ages, OSL dating results and the calibrated AMS 14C ages
(Fig. 2; Tables 1, 2).

The silty mud that dominates in the upper 20 cm of this unit in-
dicates that the sedimentary environment for this unit was character-
ized by a relatively constant accumulation rate. Below the top 20 cm,
the excess activity (< 0.4 dpm/g) was too low to determine a sedi-
mentation rate (Table 2), and this suggest that the sedimentation rate
had decreased significantly. This is supported by the changed in li-
thostratigraphy (Figs. 2a, 3) and sedimentation rate (Figs. 2b, c) in the
middle unit. The structureless fine–medium sand dominates there, mixed
with abundant shell fragments and mud rip-up clasts, reflecting a high-
energy, dynamic depositional environment. In this context, we suggest
that during this higher energy phase some of deposits may have been
eroded and hence leading to a decreased sediment accumulation rate in
the depositional sequence. Therefore, the 210Pb chronology of the top
20 cm of the core was determined using the CFCS model, which have
been widely used in this type of environment (Sabatier et al., 2008;
Zonta et al., 2018). 210Pb chronologies calculated for XCL-02 using the
CFCS model are illustrated in Fig. 2b, c and Table 2.

Below 20 cm, the chronology of the core XCL-02 were constructed
with the Bayesian model Bacon program (Blaauw and Christen, 2011),
using the calibrated AMS 14C ages and OSL dating results and 210Pb-
derived sedimentation age at 20 cm depth (Fig. 2; Table 2). A Bacon
prior value of accumulation rate of 10 yr/cm was chosen based on the

Fig. 5. Identification of paleostorm events based on grain size and geochemical
inter-element ratios. The identified events show a dominated by the> 63 μm
sand fraction, and peaks in Zr/Rb and Sr/Fe ratios. The red horizontal bars
representing these peaks cannot associated with storm deposits. The pink hor-
izontal bars represent the seven storm periods (SP1–SP7) identified from the
XCL-02 sequence since 7500 cal yr BP. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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average growth rate of about 1mm/yr for below 20 cm of XCL-02
(Fig. 2c). The posterior of the accumulation rate is in good agreement
with their prior (Fig. 2c), suggesting that our choice for the prior value
is reasonable. The posterior age model produced using Bacon provides
an age near the base of the core of between 7106 and 7724 cal yr BP and
has a maximum uncertainty of 381 years (95% confidence interval) and

an average uncertainty of 308 years (95% confidence interval) (Fig. 2c).
The timing of the sediment core XCL-02 lithological changes are con-
sistent with abrupt changes in average sedimentation rate (Figs. 2, 3).
We can see that the first major slope change occurs between approxi-
mately 6200 cal yr BP and 7400 cal yr BP (Fig. 2c), and a high accu-
mulation rate (~1.1mm/yr) could be seen in the profile. This rate is the
highest recorded in core XCL-02 and might be related to a significant
increase in sediment input caused by sea level rise (Zong, 2004; Shi
et al., 2007). The second synchronous slope change at about 1850 cal yr
BP in XCL-02 can be attributed to enhanced hydrodynamic condition,
resulted in some erosion of the deposits and low sediment accumulation
rate.

We thus used the 210Pb CRS ages, OSL ages and the calibrated AMS
14C ages to develop an age-depth model by Bacon age model (Fig. 2c).
Ages of −25, 1540, and 7393 cal yr BP were then obtained by the
model for core depth 20 cm, 110 cm, 580 cm where sedimentary facies
changed (Fig. 2b, c).

5.2. Site sensitivity through time and storm deposit signature

5.2.1. Site sensitivity through time
Sea-level rise, as well as changes to barrier morphology, sediment

supply, and storm activity, can all potentially influence the sensitivity
to record storms in backbarrier settings (Scileppi and Donnelly, 2007;
Sabatier et al., 2012; Woodruff et al., 2013).

Sea-level rise (fall) can affect the sensitivity of coastal lagoon to
record storms by moving the shoreline farther inland (seaward) and
narrowing (widening) the barrier beach through time. In this context,
an increase or decrease in sand layer through time can be caused solely
by a sea-level change. However, since 7500 yr BP in the northern SCS,
sea level fluctuations have been relatively small (< 2m; Baker et al.,
2003; Zong, 2004; Shi et al., 2007; Yu et al., 2009b; Xiong et al., 2018).
Although Yao et al. (2009) and Zhang et al. (2008) reported evidence of
higher sea levels and argued that the whole of the tectonic uplift of
Hainan Island might have occurred since the late Pleistocene to middle
Holocene, Jiang et al., 2018 showed that the higher sea levels in the
eastern Hainan Island could have been the result of TC activity in the

Fig. 6. Element contents in the fluvial (F) and beach (B) sediments. The fluvial sediments (F1-F6) are characterized by higher content of Al2O3, Fe2O3, TiO2, MnO and
Rb, while the beach sediments (B1-B6) are enriched in CaO, Sr and Zr.

Fig. 7. Records of eight geochemical elements versus depth in core XCL-02. The
pink horizontal bars represents an interval of Ca and Sr peaks associated with
low Zr values, possibly originating from lagoonal biogenic productivity. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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area. Moreover, the Xincun lagoon is almost blocked by Nanwan Hill
(Fig. 1b), and the barriers fronting our study site have remained largely
stable since the middle Holocene (The Compiling Committee of China
Bay Records, 1999; Zhao et al., 1999). Thus, the abrupt increase in
coarse-grained deposition after ca. 7000 yr BP cannot be explained by
changes in relative sea levels.

The movement of the tidal inlet can also affect the sensitivity of a
particular area to storm-induced deposition. Storm energy could have
more easily penetrated into a particular area of the back-barrier en-
vironment if an inlet moved closer to the core site. Remote sensing and
hydrodynamic survey data acquired since the 1980s clearly show that
the tidal inlet is relatively stable (Gong et al., 2008), although the po-
sition of the main ebb tidal channel shows a cyclic shift. Furthermore,
the direction of longshore drift near the inlet is from east to west (Gong
et al., 2008), which suggest that the inlet should have moved gradually
to the west, as indicated by Gao et al. (2004). However, the inlet po-
sition is now close to the eastern stable bedrock, suggesting the position
of the inlet is relatively stable over the study period. This conclusion is
supported by the previous geological and geomorphological surveys of
late Quaternary in the Xincun Lagoon (Song, 1984; Zhao et al., 1999).
In general, the site morphology and limited sea level rise over the past
7000 years indicate a relatively stable barrier system (Zong, 2004; Shi
et al., 2007; Jiang et al., 2018).

A human-induced decrease in sediment supply to the coast was an
additional cause of the degradation of barrier beaches at the study sites,
which lead to the observed increase in storm-induced flooding.
However, widespread deforestation in the region since the Ming-Qing
dynasties (ca. 600–200 cal yr BP; Zhou et al., 2017) is thought to have
increased, rather than decreased, sediment delivery to the coast (Jia
et al., 2012; Zhou et al., 2017). It is possible that background increases
in grain size at the present study site were caused by soil erosion as-
sociated with extreme rainfall events. However, our surface sediment
analysis clearly shows that peaks in grain-size above this background
rise were more likely to have been caused by coarser marine sediments
derived from higher-energy coastal events, rather than increased inputs
of fluvial deposits generated by land clearance (see Section 4.2). Thus,
changes in sediment supply cannot explain the observed increase in
storm deposition since 1700 cal yr BP (Fig. 9a). A recent reconstruction
of storms that have struck the Xisha Islands in the SCS also provides
clear evidence for an increase in regional storminess since 1800 cal yr
BP (Yue et al., 2019; Fig. 9c), which might explain the increase in
storm-induced coarse-grained deposits since 1700 cal yr BP.

The record of past storm activity can be complicated by various
coastal dynamics. However, the organic-rich mud sediment types and
uniform deposition rate that persisted the record show that these areas
were experiencing quiescent sedimentation, at least over the period of
7000–2000 yr BP (Figs. 1c, 2), indicating that the sedimentary en-
vironment at the study site was relatively stable over that time. How-
ever, layers of sandy-mud are present throughout the record of the past
~2000 years, and this sedimentary record consistent with historically
documented typhoons and storm reconstructions across the northern
SCS (Figs. 8, 9) and indicate that the changes in the Xincun Lagoon
proxies (i.e., grain size and Zr/Rb) in the XCL-02 record mainly the
passage of intense storms passing by Hainan Island over the past
2000 years. In brief, the various lines of evidence presented in this
study tend to indicate that the Xincun Lagoon site is relatively sensitive
to record storm events passing by the Hainan Island.

5.2.2. Storm deposit signature
Grain size and geochemical results of the surficial sediments shows

that the high percentage of coarse sediments are source from the sandy
beach, whereas sediments from the river watershed have a finer grain
size (Table 2, Figs. 4, 5). This could be explained by the fact that rivers
provide the fine fraction of the lagoon sediments whereas the marine
inputs are characterized by coarse sands (Yang et al., 2017a). Core XCL-
02 is composed of clay and silt interbedded with dark grey, coarser

grained layers of siliciclastic sand and shell fragments (Figs. 2, 3). The
percentage of sand (> 63 μm fraction) was used as a proxy to detect the
coarser detrital inputs to the lagoon. According to Fig. 2 and Fig. 5, the
fine grained sediment sequence is interbedded with 8 coarser-beds
(Figs. 2, 5). According to the obvious differences in the surficial sedi-
ments (Fig. 6), Zr/Rb and Sr/Fe ratios were further calculated for core
sediments. The Zr/Rb and Sr/Fe ratios exhibit similar variations to the
percentage of sand (> 63 μm), with the values being high mainly in the
coarser intervals and low in the finer intervals (Fig. 5). The evolution
with depth of the two ratios displays 9 main changes in the core XCL-
02.

During weathering, zircon maintains its original morphology, as do
other stable minerals such as quartz, and these minerals tend to be
relatively concentrated in the coarser fraction of detrital deposits. Rb in
all kinds of rocks is found dispersed mainly in minerals containing K,
such as biotite, muscovite, feldspar, and illite, and tends to be con-
centrated in clay minerals. Thus, the Zr/Rb ratio reflects the content of
coarse minerals relative to clay minerals, and is often used as a proxy
for sedimentary environment in hydrological events research
(Guilizzoni et al., 2006; Wang et al., 2011; Jones et al., 2012). The Zr/
Rb ratios are high in the high percentage of sand (> 63 μm) intervals.
This probably suggests that their highest values are related to storm
coarse-grained sediment inputs into the lagoon. Additionally, the si-
milar patterns seen in the downcore profiles of the Zr/Rb ratio and
coarser sand layers (Fig. 5) indicate that the Zr/Rb ratio can also serve
as a good proxy for paleostorm events recorded in a lagoonal sedi-
mentary sequence.

In previous studies of paleostorms, high Sr concentrations have been
associated with either carbonate shells from sand-barriers or a high
proportion of shells within the lagoonal sediments related to the bio-
genic content (Sabatier et al., 2010; Degeai et al., 2015). It is important
to distinguish between those shells derived from coastal and nearshore
barriers, and those from intralagoonal biogenic productivity. To this
end, a crossover study of the Sr content, Ca content, and Zr/Rb ratio of
the sediments may provide additional information. Consequently, the
shelly layers with high Sr/Fe and Ca peaks only (i.e., without Zr/Rb
peaks) will probably be related to mollusc shells from a lagoonal fauna

Fig. 8. Comparison of storm activity at Xincun lagoon with paleostorm records
around the SCS for the past 2000 years. (1) Frequency of typhoon events in
Korea derived from documentary records (Yoo et al., 2015). (2) Proxy records
of storm-induced sedimentation from Kamikoshiki, Japan. (3) Historical storm
records from written sources for Guangdong Province (Chen, 1995; Liu et al.,
2001). (4) Proxy record of storm-induced deposition from the Xisha Islands in
the SCS (Yue et al., 2019). (5) Historical storm records from written sources for
Hainan Island.
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developed in finer clayey deposits, as proposed by Sabatier et al.
(2010).

Thus, we also present the Ca content, Sr/Fe and Zr/Rb ratios to
detect the storm deposits.

Taking into account the geochemical signature of the sedimentary
sources in the watershed and the coastal beaches around the Xincun
Lagoon, the sedimentological signature of the storm events preserved
within the XCL-02 sequence is characterized by a coarser particle size
and high Zr/Rb and Sr/Fe ratio peaks. If proxies show peaks in grain
size and Sr/Fe ratio (without Ca peak), this would indicate more coarse
grained sediment mixed with shell or algal material from the beach and
nearshore areas during storm events.

5.3. Reconstruction of paleostorm frequency in Xincun lagoon

5.3.1. Paleostorm frequency and duration of storm periods in Xincun
Lagoon

Based on the characteristics of storm event deposits described above
(Section 5.2), we use the Zr/Rb and Sr/Fe ratios, as well as the per-
centage of sand (> 63 μm) in the sediments, to identify the storm de-
posits (Figs. 5, 9). A total of seven storm deposit beds (SP1 to SP7) were

identified (Figs. 5, 9). These storm deposit beds were systematically
associated with a high Zr/Rb ratio and coarser grain size. However, the
Sr/Fe peak at the depth of 120–135 cm and 145–155 cm did not cor-
related with the Zr/Rb ratio peak (red bar; Fig. 5). This Sr/Fe peak
could have been caused by the stronger development of an in situ la-
goonal micro-fauna, because increased amounts of Ca were also evident
at the same depth (red bars in Figs. 5, 7). Thus, this abnormally Sr-rich
coarse bed at the depth of 120–135 cm and 145–155 cm were not
considered to be a storm deposit. In addition, the Zr/Rb peak at
340–350 cm depth coincides with a fine grain size level (Fig. 5). We
might interpret this bed as reworked sediments from the intralagoonal
zone, with the relatively elevated amounts of fine grained Zr being
transported into the area by stronger winds during the winter or eroded
from the watershed during extreme rainfall events. This bed were thus
not considered to be a storm deposit. Moreover, the coarser bad at
470–485 cm did not correlated with the obvious peak in the Zr/Rb and
Sr/Fe ratios. Consequently, we interpret this coarser grained bed a
fluvial flood deposits, with the coarser material transported from the
watershed during extreme rainfall events.

The relatively low deposition rate and frequent occurrence of ty-
phoons, mean that it is usually difficult to distinguish every storm event

Fig. 9. Time series comparisons. (a) Zr/Rb ratio and coarse
sediment content from core XCL-02. (b) Historical storm re-
cords from written sources for Hainan Island and Guangdong
Province (Chen, 1995; Liu et al., 2001). (c) Sediment archive
of storm-induced coarser grained materials from a coral reef
lagoon in Xisha Islands, SCS (Yue et al., 2019). (d) Frequency
of typhoon events in Korean derived from the documentary
records (Yoo et al., 2015). (e) Sr time-series of storm-induced
sedimentation for cores NKI5 (blue) and KI2 (grey) from Ka-
mikoshiki, Japan (Woodruff et al., 2009). (f) Red colour in-
tensity of sediment from the equatorial Pacific (Moy et al.,
2002). (g) SST from core MD98–2181 (Stott et al., 2004). The
pink bars indicate storm periods, as inferred in this study. (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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in coastal lagoon/lake deposits, and storm periods or episodes have
been widely used to highlight the variations in millennial-scale storm
activity (Donnelly and Woodruff, 2007; Woodruff et al., 2009; Sabatier
et al., 2012; Degeai et al., 2015; Adomat and Gischler, 2017). Figs. 8, 9
show that a total of 7 storm periods (SP1 to SP7) occurred over the past
7500 cal yr BP. Our chronostratigraphic model (Fig. 2; Section 5.1)
highlights a period of relatively frequent intense typhoon strikes on
Hainan Island between 5500 and 3500 cal yr BP, with the exception of
one short-lived quieter periods approximately 4100–4900 cal yr BP.
Following these relatively active periods is an interval of relatively few
extreme coastal flooding events, from 3500 until roughly 1700 cal yr
BP, with the exception of one storm period at 2400–2600 cal yr BP.
Increased storm activity is again observed between 1700 and −0 cal yr
BP (1950 CE), with evidence of two storm periods occurring around
1700–1300 (SP2) and −50 to 1150 cal yr BP (SP1; Figs. 8, 9).

5.3.2. Comparison with historical typhoon record around the South China
Sea

We assessed the reliability of our storm record via a comparison
with the historical storm records available from the SCS for the past
2000 years (Fig. 8). Chinese historical documents provide a record of
past weather and climate phenomena (Liu et al., 2001). The doc-
umentary typhoon record of southern China (Hainan Island and
Guangdong province) spans at least 1000 years, and the time series of
climatic descriptions is almost uninterrupted over the past 500 years
(Chen, 1995; Liu et al., 2001). These data have been compiled partly for
chapters in various books covering natural disasters or in meteor-
ological records (Qiao and Tang, 1993; Chen, 1995). Fig. S1 shows that
the variations of Zr/Rb ratio peaks and percentage of sand (> 63 μm)
peaks are consistent with the high frequency period of historical and
observational storm records from the eastern Hainan Island. In addi-
tion, Fig. 8 shows that the storm periods SP1 evidenced in the XCL-02
sequence also synchronously with Hainan Island and Guangdong pro-
vince typhoons since around 965 cal yr BP (985 CE), as shown by Chen
(1995) and Liu et al. (2001). Furthermore, the SP1 and SP2 phases are
closely aligned with the storm coarse fraction events recorded by coral
reef lagoon deposits in Xisha Islands over the past 1900 years (Fig. 8;
Chen et al., 2012; Wang et al., 2014;Yue et al., 2019). Thus, the sig-
nificant storm periods SP1–S7 evidenced in the XCL-02 sequence may
represent a record of typhoon activity in the northern SCS.

5.4. Tropical cyclone variability and climate change

Previous TC climatology research has focused on linking evidence of
millennial-scale TC variability to climate change during the Holocene.
The underlying premise of these studies is that changing climatic con-
ditions (e.g. SST, vertical shear of horizontal wind, and the position of
high- and low-pressure centers) can change the location and frequency
of TC genesis, alter their tracks, vary their intensity, and/or pre-
ferentially guide more cyclones into a particular region (Bove et al.,
1998; Elsner and Liu, 2003; Liu et al., 2001, 2015; Donnelly and
Woodruff, 2007; Woodruff et al., 2009; Lau et al., 2016).

Paleotempestological studies conducted in the northeastern WNP
(Japan and Korea) and northern SCS have provided insights into pos-
sible linkages between climate change and basin-wide patterns of TC
variability. In the northeastern WNP, Woodruff et al. (2009) used se-
diment coarseness and strontium (Sr) content in lagoonal sediments
from Kamikoshiki, Japan, to identify periods of increased TC activity
over the past 6400 years. In addition, Yoo et al. (2015) identified 556
storm events in historical records from Korea, covering the period from
1392 to 1910 (Fig. 8). These storm reconstructions from the north-
eastern WNP suggest significant storm variability over centennial to
millennial timescales (Woodruff et al., 2009; Yoo et al., 2015; Katsuki
et al., 2017). In the northern SCS, the centennial to millennial-scale
storm record from the Xincun lagoon was firstly compared with other
storminess proxies in the SCS and WNP. For the past 2000 years,

comparisons between the northeastern WNP reconstruction (the Ka-
mikoshiki typhoons and Korean storm records) and storm records from
the northern SCS (e.g. the Xincun Lagoon storm sequence, Hainan
historical storm records, and Xisha Islands storm events), suggest a
roughly inverse relationship (Fig. 8). For example, documentary re-
cords of storm episodes in Korea (at 483–553 and 283–323 cal yr BP)
were roughly out-of-phase with the storm periods recorded in the Xisha
Island lagoon sequence and historical storm records from the Hainan
Island and Guangdong province (Fig. 8). This apparently inverse cor-
relation is also evident between TC reconstructions from the north-
eastern WNP and the Xincun site over the past 7500 years (Fig. 9). For
example, high-frequency storm activity recorded in Xincun Lagoon
(SP2, SP4, SP5–SP7) generally corresponds with periods of lower storm
activity in Kamikoshiki (Fig. 9a, e). In contrast, the quieter conditions
in Xincun Lagoon at around 2600–3500 and 4100–4900 cal yr BP are
concurrent with periods of increased typhoon-induced overwash events
at Kamikoshiki (Fig. 9a, e). The inverse correlation between TC re-
constructions from the Xincun Lagoon and northeastern WNP (Korean
Peninsula and Japan) may indicate a seesaw pattern in TC activity
between the northern SCS and northeastern WNP on the centennial-to-
millennial timescales.

Instrumental observations show that ENSO may drive an oscillating
pattern in TC activity in the SCS and the WNP (e.g. Chan, 2005; Wang
and Chan, 2002; Goh and Chan, 2010). The total number of TCs that
develop over the SCS and the WNP is below normal in El Niño years but
above normal during La Niña years. However, there is a marked
northwestern shift in genesis location during La Niña years and a
marked southeastern shift in genesis location during El Niño years
(Chan, 1985; Lander, 1994). During La Niña years, typhoons tend to
have linear trajectories that may result in a higher likelihood of TC
strikes along northern SCS (Elsner and Liu, 2003).

The seesaw pattern in TC activity between the northern SCS and
northeastern WNP (Korean Peninsula and Japan) corresponds with
observations of modern typhoons, indicating that ENSO droves a
seesaw pattern in TC activity in the northeastern WNP (Japan and
Korea) and northern SCS over centennial to millennial timescales. To
test this relationship between typhoon activity and ENSO during the
mid-to-late Holocene in the SCS and the WNP, we compared patterns of
typhoon-induced deposition at Hainan Island with an annually resolved
El Niño proxy reconstruction from Laguna Pallacocha, Ecuador (Moy
et al., 2002). Comparisons between the Hainan Island and Pallcacocha
records show a general correlation between periods of increased La
Niña occurrence and periods of more typhoon-induced deposition at the
study site during the past 7500 cal yr BP (Fig. 9a, f). For example, the
typhoon-induced deposits at Xincun of SP3–SP7 are roughly concurrent
with periods of increased La Niña activity. In contrast, quieter condi-
tions at Xincun (e.g. 2600–3500 and 4100–4900 cal yr BP) generally
occurred during intervals of reduced La Niña activity. Therefore, as
with some previous studies that used instrumental and historical ob-
servations (Wang and Chan, 2002; Elsner and Liu, 2003), the millen-
nial-scale reconstructions from Xincun support a pattern of increased
typhoon strikes in the northern SCS during La Niña years.

However, the trend of storm activity in the northern SCS is not al-
ways consistent with ENSO variations (Fig. 9a, f, SP1–SP2). An alter-
native hypothesis is that storm activity in the Northern SCS is not re-
lated solely to ENSO variations at the millennial-scale. It is possible that
regional storm activity is also influenced by regional oceanic and at-
mospheric conditions. Recently, it was hypothesized that the warmer
state of the WPWP may be one of the significant factors that impacts on
storm activity in the WNP (Ho et al., 2004; Chen and Huang, 2008;
Chen et al., 2012; Yue et al., 2019). To examine the role of the thermal
state of the WPWP in governing typhoon activity over the mid to late
Holocene, we also compared patterns of typhoon-induced deposition at
Xincun with the SST deduced from foraminifers retrieved from sedi-
ment cores in the WPWP. Comparisons between the Xincun storm se-
quence and SST records from the WPWP (Fig. 9a, g) show that the
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phases of increased storm activity in Xincun lagoon generally occurred
during warm episodes. In contrast, the muddy sediments that likely
reflect quieter depositional conditions in Xincun Lagoon (e.g.
1700–2400 and 2600–3500 cal yr BP) were typically deposited during
colder intervals. This relationship phenomenon agrees with recent
meteorological observations (Chen and Huang, 2008). During warm
years, the monsoon trough retreats westward and northward so that a
low-level cyclonic vorticity anomaly and upper-level divergence
anomaly exist in the west quadrant, and this favors TC genesis in the
west of the WNP (Chen and Huang, 2008). In contrast, there are more
TCs in the southeast of the WNP during cold years. The storm periods
correspond well with warmer SSTs in the equatorial western Pacific
(Fig. 9), indicating that typhoon pathways were also controlled by the
effect of the warm state of the WPWP in the SCS and WNP during the
mid-to-late Holocene.

Alternatively, La Niña (El Niño) may strengthen (weaken) the
thermal stage of the WPWP and SCS, and so the impact of La Niña (El
Niño) is to guide more (less) typhoons towards northern SCS and raise
the generate opportunities of local generated typhoons in the SCS (Ho
et al., 2004; Wang et al., 2007; Goh and Chan, 2010).

Of note, the stormy period around 3100–3500 cal yr BP in the Xisha
Islands is inconsistent with the storm deposition at the study site
(Fig. 9a, c), possibly because of the anomalous southerly position of the
Intertropical Convergence Zone (ITCZ) over the same period (Haug
et al., 2001). A southward shift of the ITCZ potentially leads to an in-
crease in storm genesis in the south of the SCS and the WNP, as well as
more storms making landfall in the Xisha Islands, as indicated by Chen
et al. (2019). An alternative explanation for this inconsistency is that
the stormy period around 3100–3500 cal yr BP may correlate to cooling
SST states (Wang et al., 1999; Huang et al., 2009) during El Niño
periods (Fig. 9f) in the northern SCS. Local generated TCs in El Nino
periods (Fig. 9f) would preferably form in the northern SCS (Goh and
Chan, 2010), which caused more storms hit the northern SCS (e.g. Xisha
Islands). However, the cooling SST period (3100–3500 cal yr BP) could
be unfavourable for TCs movement into the northern part of northern
SCS (e.g. Hainan Island) and would greatly inhibite the storm intensity
(Wang et al., 2007). And these weakening storms thus would be un-
likely to be recorded in the Xincun Lagoon sequence.

6. Conclusion

This study has provided a 7500-yr high-resolution record of past
storm events based on a sediment deposits from a coastal lagoon on
Hainan Island in the South China Sea. An analysis of the geochemistry
and sedimentology of the sediments in the watershed of the lagoon and
from the beaches was undertaken to discriminate spatially the source of
detrital inputs into the lagoon. Our results reveal that the sedimentary
supply from the coastal beaches are characterized by high Zr, Sr, Ca
concentrations and very low Fe, Al, Rb, Ti, Mn concentrations. A proxy
analysis of the Zr/Rb ratio of the Xincun lagoonal sequence evidences
the presence of storm variations during the mid-to-late Holocene.

Our reconstructions from Xincun Lagoon highlighted 7 periods of
higher storm frequency during the past 7500 cal yr BP. From a com-
parison of this reconstruction with the historical records, we found
strong coherence between coarse-grained deposits and storm records
from the northern SCS. In addition, a comparison with storm proxies
from the northern SCS and Northwestern Pacific exhibits an in-phase
storminess pattern in the SCS and northeastern WNP. Moreover, a
comparison of the Xincun storm record with paleoclimate proxies in the
WNP and Eastern Pacific shows that the phases of increased storminess
occurred during La Niña periods and warm periods in the WPWP.

Our results further demonstrate the high potential for coastal lagoon
settings to record paleostorm events, but also show gaps in our un-
derstanding of long-term TC patterns. However, a wider geographical
distribution of millennial-scale TC records will be required to study the
potential relationships between periods of increased storm activity and

other modes of climatic variability such as the Pacific Decadal
Oscillation, ITCZ and western Pacific subtropical high.
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