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Abstract

The relationship between storm activity and global warming remains uncertain. To better understand
storm-climate relationships, coastal lagoon deposits are increasingly being investigated because they could
provide high-resolution storm records long enough to cover past climate changes. However, site-specific
sediment dynamics and high barriers may bias storm reconstructions. Here, we aimed to investigate these factors
through the reconstruction of five distinct storm records (XCL-01, XC-03, XC-06, XC-07, XC-08) from different
water depths in a lagoon with a high barrier (i.e., Xincun Lagoon of Hainan Island). Sediment cores were
characterized using high-resolution grain size and XRF measurements, to identify storm events. These data were
coupled with a numerical simulation to obtain bed shear stress data with high-spatial resolution to better
understand storm-induced sediment transport mechanisms. 21°Pb dating and Pb pollution chronostratigraphic
markers indicated that the chronology of the storm deposit sequences of the cores span the period between 117 a
and 348 a. The grain size and XRF results indicated numerous, highly variable and short-duration fluctuations,
suggesting that storm-induced coarse-grained sediments were deposited at these core sites. The inconsistent
storm events recorded in these cores suggest that these sites have different preservation potentials for storm
deposits. However, the consistence between storm sediment records and historical documents for Core XCL-01
indicates that high-barrier lagoons could provide long-term storm event records with high preservation potential.
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1 Introduction

Global warming is expected to increase the frequency and in-
tensity of storm events in the future (IPCC, 2013). This issue has
attracted wide social attention, because storms often trigger large
waves and storm surges, which may severely affect coastal geo-
morphology (Wang et al., 2009; Almeida et al., 2012; Liu et al.,
2019) and ecosystems (Greening et al., 2006; Zheng and Tang,
2007; Li et al., 2014; Chen et al., 2018), and may result in cata-
strophic losses of life and resources. However, the brevity of tide
gauge records on the scale of several decades or incomplete his-
torical records on the last centuries make the assessment of long-
term trends in storm events difficult (e.g., Donnelly and Wood-
ruff, 2007; Woodruff et al., 2009; Lane et al., 2011). Thus, the ex-
traction of long-term storm information from sedimentary re-
cords is essential.

Previous paleostorm studies have widely been conducted in
low energy environments (e.g., lagoons, lakes, and ponds). These
environments, where the background sedimentation primarily
by fine-grained sediments occurs, are usually protected by sand
barriers (Liu and Fearn, 1993; Sabatier et al., 2008; Woodruff et
al., 2009), which are very effective in trapping storm-induced
coarse-grained sediments. Among them, back-barrier lagoons
with low-lying barriers (top elevation lower than that of the local
extreme storm surge) have been recognized as one of the most
suitable environments to preserve overwash deposits of storm
events, which has greatly improved the interpretation of the
long-term evolution of coastal systems and the understanding of
the response of intense storm activities to climatic changes
(Sabatier et al., 2008; Switzer and Jones, 2008; Degeali et al., 2015;
Rouina et al., 2016). Sand layers in lagoon deposits are con-
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sidered to be related to storm overwash processes, in which
storm surges and/or waves overtop the low-lying sand-barrier
and transport coarse-grained materials into the back-barrier la-
goon during storm passage. However, overwash processes may
be prevented by high sand-barriers, especially when the back-
barrier environment is blocked/surrounded by hills or high sand-
barriers. This character may decrease the vulnerability of such la-
goons to storm impacts (Li et al., 2006). However, whether these
conditions have potential for the long-term reconstruction of
storm events is poorly understood. Moreover, sediment dynam-
ics in lagoons with high-barrier are relatively complex, which
may hamper storm events reconstructions. The mechanisms of
storm deposits formation in the back-barrier lagoon with high-
barrier have not been fully understood. Thus, the potential ef-
fects of the sedimentary processes specific to each site may be a
significant issue for the understanding of sedimentary records.
The Hainan Island is located in the northern part of the South
China Sea (SCS), which is seriously affected by frequent storms
during July to October (Ren et al., 2002; Fogarty et al., 2006). The
Hainan Island coast is incised by numerous barrier lagoons with
high sand barriers, particularly on the southeastern coast, which
is characterized by a series of long, high sand barriers and barri-
er peninsulas (Wang, 1998). The long-term storm records of
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coastal lagoons with high-barriers and the sediment dynamics of
such lagoons under the impact of storm activity have rarely been
studied in the northern SCS. Jia et al. (2012) and Zhou et al.
(2017a) have shown that coastal lagoon deposits of this region
contain information on storm activities. These results indicate
that lagoons with high barriers may be an important, and largely
over-looked, resource of long-term storm event activities.

In this paper, we study the sedimentary dynamics of coarse-
grained storm deposits in the high-barrier lagoon, and examine
whether the sediment in the high barrier lagoon can be used to
reconstruct long-term storm variations.

2 Study area

The Hainan Island is the largest island in the SCS. This island
is influenced by a tropical monsoonal climate, and rainfall ac-
companied by frequent storms occurs from May to October. An-
nually, two storms cross the Hainan Island on average, with a
maximum of around five events (Liang et al., 2015). The east
coast is influenced by an irregular semidiurnal tide, with mean
tidal ranges <1 m (Wang, 1998). Historical documents (Chen,
1995) and instrumental observations from the southeastern coast
show no obvious evidence for tsunami activities.

The Xincun Lagoon (XC) is located on the southeastern coast
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Fig. 1. Location of Xincun Lagoon on the southeastern coast of Hainan Island (a), core sites and tidal location in the Xincun Lagoon
(b), surface sample location (c), and passage of major storm that impacted Xincun Lagoon since 1950 CE (d). The inset in ¢ shows the
wind direction rose map along Lingshui coast (date source: The Compile Committee of China Bay Record, 1999).
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of Hainan Island (Fig. 1a), with a surface area of about 22 km?2.
The mean water depth of the tidal basin is about 4.2 bmsl (below
mean sea level) (Fig. 1b), and the deeper areas are distributed in
the southwest of the lagoon, with maximum depth >12 m bmsl.
Flood and ebb deltas are well developed (Fig. 1b). The spindle-
shaped lagoon was formed in a transgression process in the Late
Quaternary and is separated by granite hills (i.e., Nanwan Mon-
key Hill) from the SCS. The tide in this lagoon is irregularly diurn-
al (Gong et al., 2008). There is only one entrance (about 3.5 km
long and 260 m wide) connecting the tidal basin to the SCS
(Song, 1984). Under normal weather conditions, wind waves
within the Xincun Lagoon are assumed to be negligible (with typ-
ical wave heights ranging from 0.3 m to 0.6 m; The Compile Com-
mittee of China Bay Record, 1999). Furthermore, the tidal cur-
rent velocity in the tidal basin is not greater than 0.1 m/s (Gong et
al., 2008; Yang et al., 2017) in the inner part of the lagoon. In ad-
dition, two small streams flow into the tidal basin with a very
small discharge of <1 m3/s (The Compile Committee of China
Bay Record,1999). These destructive cyclonic storms tend to pass
the Xincun Lagoon on its west (land) side; the wind direction
switches from northwesterly to northeasterly in such a case (Fig. 1;
Gong et al., 2008). Historical records document a history of in-
tense storm occurrences on the southeastern coast, with known
events such as in 1890, 1897, 1920, 1954, 1971, 1981 and 2000
(Chen, 1995; Table 1). Over the past 60 years, the highest storm
water level was about 2.73 m asl (above sea level) in the Xincun
Lagoon, which was recorded during the No. 8105 storm in 1981
(Chen, 1992).

3 Materials and methods

3.1 Field investigation and sedimentary analysis

Two detailed field investigation were conducted in the
Xincun Lagoon in August 2013 and December 2015, respectively.
Five short cores (XCL-01, XC-03, XC-06, XC-07, XC-08) were col-
lected from this lagoon along the SW to NE (Fig. 1). These cores
were transported to the State Key Laboratory of Marine Environ-
mental Science of Xiamen University where they were split, de-
scribed, photographed, and stored at 4°C until further analysis.
Prior to sampling, high resolution (200-500 um) depth profiles of
the elemental composition of Core XCL-01 were measured using
an Avaatech X-ray fluorescence core scanner following the meth-
od of Richter et al. (2006). Geochemical data were obtained at
two tube voltage (10 kV and 30 kV; Richter et al., 2006).
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Grain-size analysis was performed on a Mastersizer-2000
laser diffraction particle-size analyzer with an interval of 1 cm
and a relative error below 3% for replicated measurements.
Grain-size parameters (e.g., D90; D90 is the grain size at the cu-
mulative volume of 90% from the smaller grain size side in the
grain size distribution of the sediment grains) were determined
using GRADISTAT v8 (Blott and Pye, 2001).

3.2 Agedating

The chronology of the cores was established using a combin-
ation of dating techniques including 2!°Pb dating, !37Cs dating,
and Pb chronostratigraphic markers. For 21°Pb activity, sediment
cores XCL-01, XC-06, XC-07, and XC-03 were sampled following
aregular 5 cm sampling interval, and then 219Pb activities were
conducted on an HPGe Alpha-ray spectrometer. 137Cs activities
in samples from cores XCL-01 and XC-08 were measured using
Germanium ray spectrometry (ORTEC, GMX30P-A). 219Pb ages
were calculated by the methods described in Jia et al. (2012) and
Zhou et al. (2017b, 2021). Discrete ages for individual 21°Pb,,
measurement were determined using the constant initial con-
centration (CIC) model (Appleby and Oldfield, 1978).

3.3 Hydrographic data and numerical modeling of storm currents

Two buoys were deployed at a nearshore area near the Xincun
Lagoon (B2) and the internal area of the lagoon (B1) prior to and
after Typhoon Doksuri (2017) for a period of three weeks (Fig. 1).
The two buoys continuously measured the tidal level and wave
height. Typhoon Doksuri was a strong category 2 storm when it
hit the southern coast of Hainan Island, and caused seriously
damage (e.g., coastal erosion and property loess) along the
southern and eastern coast of Hainan Island (www.typhoon.
hainanqgx). Wave height instruments were only deployed at the
B2 location. The RBR XR-420-TG instrument was adopted to con-
tinuously measure the tide level at the two stations.

To estimate the bed shear stress in the Xincun Lagoon during
Typhoon Doksuri, hindcast surge and wave modeling was car-
ried out using the Delft3D coupled hydrodynamic-wave model,
which calculate the wavefield, including the effects of currents
and the storm surge. The model is commonly used for accurately
simulating storm surges and wave growth with a set of input
parameters (atmospheric pressure, storm track data; Hu et al.,
2015; Bastidas et al., 2016). Surges were adapted to account for
the position of the astronomical tide at landfall and expressed re-
lative to the mean sea level datum.

Table 1. Major storm events impacting Lingshui coast between 1950 and 2014 (http://tcdata.typhoon.gov.cn; The Compile

Committee of China Bay Record, 1999; Ying et al., 2014)

Date Name Maximum wind/(m-s!) Pressure/hPa Category Maximum tidal water level/m
1954.05.11 Elsie 35 960 1 2.44
1962.09.21 Carla 35 984 1 -
1971.05.25 Dinah 35 990 1 -
1971.10.09 Elaine 45 975 2 2.60
1973.09.14 Marge 42 975 1 -
1981.06.04 Kelly 45 965 2 2.73
1985.10.21 Dot 40 970 1 -
1989.06.10 Dot 35 970 1 -
1991.07.13 Zeke 40 965 1 -
2000.09.09 Wukong 33 975 1 -
2005.09.26 Damrey 35 970 1 -
2010.07.16 Conson 35 970 1 -

Note:- means no data.
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4 Results

4.1 Lithostratigraphy

Within Core XCL-01, sediment was mainly composed of a
greyish sandy silt mixture, with many shell fragments. The sedi-
ments of cores XC-06, XC-07, and XC-08 consisted of clay-silt in-
terbedded within a sand layers mixture with siliciclastic sand and
shell fragments. The upper part of Core XC-03, consisted of light
grey-brown organic-rich clay-silt, while the lower bed (below 20
cm depth) consisted of grey sand. A grey-white sand layer ap-
peared at the depth of 30 cm, which was 2 cm-thick well-sorted
grey sand.

4.2 Age model

4.2.1 219Pp dating
The sedimentation rates and the chronology of historical
storm deposits were determined by cesium-137 (137Cs) and lead-
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There were mixed layers in the top 5-10 cm, which were fol-
lowed by a normally exponential decaying region, and a back-
ground region of support 21°Pb (?1Pb,,) activities were detected
among sediment cores XC-06, XC-07, XC-03 (Fig. 2). We exten-
ded the decaying trend lines of the 210Pb_ activities upward
above the background region, and the average sedimentation
rates of sediment cores XCL-01, XC-06, XC-07, and XC-03 were
calculated to be 0.55 cm/a, 0.45 cm/a, 0.63 cm/a, and 0.27 cm/a,
respectively. In Core XCL-01, there were relatively steady 2!°Pb
activities below the depth of 61 cm, and the logarithms of excess
210PD activities displayed a linear decline with depth, suggesting a
relatively stable sedimentation rate of 0.55 cm/a (Fig. 2). These
sedimentation rate results were similar to those of previous stud-
ies on the coastal embayment sediments of Hainan Island (Ge et
al., 2003; Jia et al., 2012). However, the 137C activity in most core
samples (e.g., XCL-01 and XC-08) was below the background
value, and thus, we could not calculate an acceptable sedimenta-
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tion rate with the 137C dating method. The sedimentation rates of
Core XC-08 was then calculated to 0.5 cm/a according to the av-
erage value of other four core 2!°Pb dating results. Base on the
modern average sedimentation rate and the length of the four
cores (Fig. 2; Table S1), the periods of cores XCL-01, XC-03, XC-06,
XC-07 and XC-08 would be calculated to 203 a (1903 CE), 348 a
(1665 CE), 266 a (1747 CE), 117 a (1896 CE), and 186 a (1827 CE),
respectively.

4.2.2 Pb markers

Aquaculture sewage is a waste material of aquaculture activit-
ies along the coasts of Hainan Island, especially in barrier-la-
goon systems. Plumbum (Pb) has widely been used to detect the
initial time of industrialization (e.g., Hu et al., 2013; Mo et al.,
2019). Regional surveys showed that natural levels of Pb on the
Hainan Island were around 25 x 1079 — 30 x 10~ for coastal
sediments (Zhao and Yan, 1993). The Pb contamination of the
Hainan Island coastal surface sediments related to the local mar-
ine aquaculture has been documented in the Xincun Lagoon
(Chen et al., 2014) and many other bays and estuaries of the
Hainan Island (Hu et al., 2013; Mo et al., 2019). According to his-
torical documents, large scale mariculture in the Xincun Lagoon
started around 1975-1985 CE (Hainan Statistical Yearbook,
1957-2013). An abrupt increase in Pb concentration was ob-
served at about 20 cm (Fig. 3) within Core XCL-01 and, thus, as-
signed a date of 1980+5; therefore, we could obtain the sediment-
ation rate of XCL-01, which was about 0.57 cm/a. This estimate
was in good concordance with the results of 219Pb dating method
(0.55 cm/a).

4.3 Grain size
The mean grain size of surficial sediments ranged from 4 pm
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to 441 pm (Fig. 4), with an average of 44 pm. The dominate clay-
silt was distributed in the central tidal basin, while sand fractions
were mainly distributed in shallow water zones around the tidal
basin (especially in the southeastern basin).

The grain size standard deviation method was used to detect
arepresentative population of grains with the highest variability
(Fig. 5a). According to the diagram of the standard deviation of
particle diameters (Fig. 5a), two significant populations, based on
all cores, could be distinguished, i.e., <25 pm and >90 pm (coarse
population). The fine-grained component can be recognized as
the background deposition in the Xincun Lagoon (Zhou et al.,
2017a), and the coarser-grained component corresponds to a
high-energy event deposition (Sabatier et al., 2008). All cores also
showed significant coarse grain peaks (100-1 000 pm) in some
sand layers, and fine grain peaks (2-100 pm) in normal depos-
ition layers (Figs 5b-f). Because the background sedimentation
showed a silt facies in the tidal basin (Fig. 4), we used the coarser
fraction (values of high peaks in the D90 grain size) to outline
high-energy events (Fig. 6).

The D90 grain size distribution of the samples was used as a
major proxy for differentiating the storm deposits from other
similar environments (Boldt et al., 2010; Brandon et al., 2013;
Maio et al., 2016). During the past 100 years, the D90 fraction
between the five cores showed numerous grain size peaks (Fig. 6).
Within Core XCL-01, the D90 grain size displayed high fluctu-
ations, with pronounced peaks occurring around 55 cm, 52 cm,
48 cm, 40 cm, 35 cm, 30 cm, 22 cm, 20 cm, 18 cm,14 cm, 12 cm,
and 5 cm (Fig. 6). In Core XC-06, the mean D90 grain size was 318 pm.
The depth evolution of the D90 grain size showed six peaks at the
depths of 12 cm, 22 cm, 25 cm, 35 cm, and 45 cm over the past
100 years. In Core XC-07, the D90 grain sizes only displayed three
peaks at the depths of 6 cm, 18 cm, 24 cm, 30 cm, 37 cm, and 48 cm.
In Core XC-08, only two main D90 grain size peaks could be ob-
served at the depths of 27 cm and 43 cm. In Core XC-03, seven
peaks were located at the depths of about 2 cm, 6 cm, 20 cm, 25 cm,
27 cm, 29 cm and 31 cm.

4.4 Geochemistry

To geochemically trace storm deposits, the inter-element ra-
tio of given and conservative elements can be used (Dezileau et
al., 2011; Raji et al., 2015). In addition, the use of inter-element
ratios has the advantage of being insensitive to sample inhomo-
geneity and surface roughness (Richter et al., 2006; Sabatier et al.,
2012). In this study, we considered the ratios of Sr/Fe and Zr/Al
as further proof of high-energy storm events in Core XCL-01.
High Zr/Al ratio peaks are due to coarse-grained marine sand
(with rich heavy minerals; Zr), while high Sr/ Fe ratio are due to
the enrichment of Sr in marine sand and shell or algal materials.
Figure 7 shows that the Sr/Fe and Zr/Al ratios displayed similar
variations to the D90 grain size, especially in the top 1 m of the
sediment core (Fig. 7). Therefore, the geochemical results further
confirmed the reliable identification of storm events by grain
sizes.

4.5 Hydrodynamic parameters under storm conditions

The model results were verified using the observed tidal wa-
ter level and wave height. Figure 8 shows that the Delft3D simula-
tion results well matched the measured tidal water level and
wave height. During the passage of Typhoon Doksuri, high waves
and high tidal water levels were synchronous with the peak bot-
tom shear stresses within the lagoon (Fig. 9).

The bed shear stress (7) determined by Delft3D model at the
five core sites was in the range of 0.05-0.31 Pa (average, 0.08 Pa)
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during the peak of Typhoon Doksuri, while 7 was less than 0.02 Pa
(average, 0.01 Pa) during normal tidal conditions (Fig. 9), indicat-
ing that the storm-averaged 7 values were more than eight times
higher than those during normal tidal conditions (Fig. 9). Figure 9
shows that 7 values significantly differed at the five core sites dur-
ing the peak of Typhoon Doksuri. The shallowest XC-03 site had
the biggest 7 values, being in the range of 0.03-0.31 Pa (average,
0.15 Pa). At the sites of cores XC-06, XC-07 and XC-08, the max-
imum 7 values were estimated to be 0.16 Pa (average, 0.06 Pa),

0.24 Pa (average, 0.08 Pa), and 0.23 (average, 0.10 Pa), respect-
ively. The deepest XCL-01 site had the smallest 7 values, with the
maximum critical shear stress of 0.14 Pa and an average 7 value
of 0.04 Pa.

5 Discussion

5.1 Mechanism of storm deposits formation during storm passage
To determine the storm deposit formation of the Xincun La-
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goon during storm passage, we analyzed the bottom shear stress.
Because the bed sediment would be resuspended and transpor-
ted when the bed sediment shear is smaller than the shear stress
generated by storms waves and currents. We determined the
value for cohesive sediment (e.g., normal tidal deposits) based on
the recommendation of Taki (2001):

2

1

e = 0.05+ 8 |:(g(1+$vv)>l/3 - 1}

M

s=2, @)

Pw
where 7, represents the critical shear stress, ps is the sediment
particle density (1 806 kg/m? in this study), pw is the density of
water (1 024 kg/m3 in this study), the electrochemical anchorage
coefficient § was set to 0.3, s is the specific weight of a particle,

and Wis the water content of the sediment. The calculated critic-
al shear stresses of the surface sediments (e.g., normal tidal de-
posits) were 0.14 Pa (XCL-01), 0.17 Pa (XC-03), 0.13 Pa (XC-06),
0.13 Pa (XC-07), and 0.16 Pa (XC-08), respectively.

We determined the 7. value for non-cohesive sediments (e.g.,
storm deposits) following Shield (1936):

7 = Opgd(s — 1), 3)

where 0 is the dimensionless threshold Shields parameter, p is
the seawater density (1 030 kg/m3), gis the gravitational accelera-
tion (9.8 m/s2), s is the density ratio of sediment to seawater
(s = ps/pw), ps is the sediment particle density (2 650 kg/m3 in
this study), and d is the diameter of non-cohesive sediment
particles (116 um, 126 pm, 121 pm, 132 um and 145 pm at cores
XCL-01, XC-06, XC-07, XC-08, and XC-03, respectively). The cal-
culated critical shear stresses of the non-cohesive sediments
(e.g., storm deposits) were 0.20 Pa (XCL-01), 0.26 Pa (XC-03), 0.21 Pa
(XC-06), 0.22 Pa (XC-07), and 0.23 Pa (XC-08), respectively.

Figure 9 shows that the bed shear stress under normal weath-
er conditions at the five core sites was below 0.02 Pa, which was
significantly smaller than the critical shear stress of both the co-
hesive and non-cohesive sediments. These results indicate that
the sediments at the five sites could not be suspended under nor-
mal weather conditions.

Under storm conditions, taking Typhoon Doksuri as an ex-
ample, the model results show that bottom stresses at the XCL-01
site during the peak of Typhoon Doksuri reached 0.14 Pa (Fig. 9),
which was much less than the 7. value of non-cohesive sedi-
ments (e.g., storm deposits; 0.20 Pa). Similar to the XCL-01 site,
the modeled maximum bed shear stress at the XC-06 site (water
depth about 6 m) was 0.19 Pa, which was greater than the critical
stress for cohesive sediment but smaller than the critical stress
for non-cohesive sediments for initial erosion. At depths less
than 3 m (XC-03 site), the storm-generated shear stresses were
greater than 0.3 Pa, much larger than the critical shear stress for
the erosion of both cohesive and non-cohesive sediment. Even at
the depth of cores XC-07 and XC-08 (about 5 m), the maximum
current velocity was about 0.3 m/s (Fig. S1), and the storm-gener-
ated shear stresses at bottom bed were about 0.24 Pa and 0.23 Pa
respectively. This was still larger than the calculated critical shear
stresses for the erosion of both cohesive and non-cohesive sedi-
ments. Previous studies have reported that the threshold velocity
for the movement of sandy sediments in the northern part of SCS
is ~0.2 m/s (Tian et al., 2016), which is smaller than the velocities
induced by Typhoon Doksuri in most of the shallow water areas
within the Xincun Lagoon (Fig. S1).

Clearly, in shallow water areas (e.g., XC-03, XC-07, XC-08),
these storm-generated shear stresses were sufficient to cause a
substantial of bottom sediment erosion (of both cohesive and
non-cohesive sediments) and to suspend the bottom sediments.
In addition, Fig. S1 indicates that the current speed reached up to
approximately 0.2 m/s in the shallow water areas during the peak
of Typhoon Doksuri. Therefore, coarse sand in the sea-bed of
shallow water areas may easily suspend and be transported in
storm wind around 20 m/s (Typhoon Doksuri), especially near
the sites of cores XC-07, XC-08, and XC-03. This indicates that the
formation of storm deposits by erosion processes may also be as-
sociated with storm impacts in shallow water areas. In relatively
deep-water areas (e.g., XCL-01), the storm-generated shear
stresses were only sufficient to cause the erosion of cohesive sedi-
ments, but of non-cohesive sediments. This suggests that storm
deposits (coarse-grained deposits) in deep areas (especially in
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the southern tidal basin of Xincun Lagoon) are less likely to be
eroded and longer preserved (e.g., storm deposits) than those in
shallow water areas during storm passage.

Based on the sedimentary, historical, and modeling data, it
appears that storms played a significant role in producing the
sand horizons in the cores. We infer that during storm passage,
the primary sources of sand entering the tidal basin can be sum-
marized as follows. For Core XCL-01, coarse sand likely arrived
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from shallow flood tide deltas and near shore beaches along the
southern shorelines. During the peak of Typhoon Doksuri, the
current velocities in the tidal inlet, flood tide delta area and
southern nearshore areas reached to >0.5 m/s (Figs 9 and S1),
which are capable of causing a significant erosion of adjacent
nearshore and flood tide delta areas, entraining sand in the east-
ward moving currents and southwestward moving currents, re-
spectively (Figs 10 and S1). When these currents override shal-
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Fig. 10. Conceptual model of mechanisms of coarse-grained sand formation caused by storm impacts within the Xincun Lagoon
sequence (modified from Maio et al., 2016). a. Conceptualized cross section of the tidal basin showing core locations, beach, and flood
delta sands. Windblown waves generated by storms further increase the tide level and current speed, resulting in erosion of the flood
delta, beach, and shoreface sand. b. Coarse-grained sand is suspended and transported into the tidal basin it is sorted and deposited
on the tidal basin bottom bed. c and d. Increased storm surged water within the tidal basin provides up the conditions for a strong
current capable of transporting sand from the flood delta tidal beach down into the tidal basin.
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low areas, additional sand grains are suspended and transported
westward or northeastward into the southern tidal basin near the
site of Core XCL-01. For cores XC-07 and XC-08, coarse sand
likely arrived from the shallow flood tide deltas (under a north-
ward flow of around 0.1-0.3 m/s) and the north shoal areas (un-
der a southwestward flow of around 0.05-0.2 m/s). For Core XC-
03, coarse sand more likely eroded from nearshore areas along
the eastern and northern shoreline under northward-southward
(maximum 0.30 m/s) and eastward flow (maximum 0.35 m/s), re-
spectively (Figs 10 and S1). For Core XC-06, coarse sand more
likely eroded from the flood tide delta and north shoal bar areas
under an eastward flow (Figs 10 and S1).

When quantifying the hydrodynamic processes that have de-
posited these coarse-grained sands based on the Typhoon Dok-
suri hydrographic data, it is critical to point out that the typhoon
was decreasing to a tropical storm when passing by more than
100 km south of Hainan Island. Since the intensity of this storm
was smaller than that of most historical major storms impacting
the Xincun Lagoon (Table 1), we can assume that storms with a
similar magnitude (e.g., wind, surge, and wave) to Typhoon Dok-
suri would deposit a coarse-grained sand bed.

5.2 Proxies anomalies and storm events

According to the sediment dynamics results (Section 5.1),
coarse-grained deposits within the five cores could not have been
deposited under normal tidal conditions but were carried rather
by wave-current interactions during a high-energy storm event.
Based on the grain size analysis, sedimentary features, and geo-
chemical data, we detected the coarse-grained layers deposited
during a storm in the lagoon sequence (e.g., Donnelly and Wood-
ruff, 2007; Woodruff et al., 2009; Dezileau et al., 2011; Raji et al.,
2015). With few exceptions, significant peaks were reflected in
the D90 grain size (Fig. 6), which is similar to the results of previ-
ous studies of storm-induced deposition within back-barrier la-
goons. The high content of the D90 grain size within these sand
layers suggests the occurrence of increased hydrologic depos-
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ition events, indicating perturbations of extreme hydrodynamics
caused by storms or intense storms (Figs 6 and 7).

To test the archives of past storms preserved in the high-bar-
rier lagoon deposits, we identified whether the chronology of
proxy anomalies corresponded to that of the history of storms
impacting this region. To determine which possible historical
storms produced coarse-grained layers, we combined the depth
of these layers and previously defined sedimentation rates.

For the cores in the north basin area (XC-06, XC-07, XC-08,
XC-03), a fewer number of positive coarse-grain anomalies for
each core were identified, and many documented storm events
were missing (Fig. 11). This absence of storm events was attrib-
uted to the shallower water depth and frequent perturbations by
later storms.

In the southern basin, the coarse-grained sediments were
mainly sourced from the southern beach sand and flood tidal
delta area, based on the modeling results and sedimentary data
in this study (Figs 4, 10 and S1; Section 5.1; Zhou et al., 2019).
These coarse-grained sediments were very different from the
mud-dominated ambient sediment near Core XCL-01 (Figs 4 and
10), which made it possible to identify these event layers in deep
water areas. For Core XCL-01, we used both grain size and high-
resolution XRF element ratio (Sr/Fe and Zr/Al) analysis to accur-
ately detect every storm layers. The age of high peaks correspon-
ded well with the documented intensive storms (Fig. 11). The first
positive anomaly peak in Core XCL-01 occurred between 5 cm
and 6 cm (around 2005), which corresponded to Typhoon Dam-
rey (category 1). The absence of intense storm events between
2005 and 2015 was likely associated with a depth close to the sur-
face and intensive human activities. Four of the largest storm tid-
al water levels recorded in historical documents at the Xincun
Lagoon were 3.21 m (November 16, 1897), 2.44 m (May 11, 1954),
2.69 m (October 9, 1971), and 2.73 m (June 4, 1981) (Chen, 1992).
Event beds among 64-67 cm (1893-1899 CE), 34 cm (1953 CE),
22-24 c¢cm (1971-1975 CE), and 17-18 cm (1982-1984 CE) may re-
late to the four intense storm events including a nameless storm
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in 1897, Typhoon Elsie (1954), Typhoon Elaine (1971), and
Typhoon Kelly (1981). It should be noted that three significant
anomaly peaks (84-85 cm, 93-94 cm, and 95-96 cm) could not be
correlated to any documented storm event in the southeastern
Hainan Island because there was no documentary record of
storm events around 1830-1875 CE (Fig. 6). That these storm
events were not compiled in the literature may be due to wars
and social unrest during the late Qing Dynasty (e.g., the Taiping
Rebellion in 1853-1864 CE; the Opium War in 1840-1860 CE). In
addition, some of the missing storm event records in those peri-

ods have been documented in literature from adjacent regions
(Table 2). For instance, the storm of November 1863 (shift from
northwest to southeast), caused the destruction of numerous
buildings and the death of thousands of people in Qiongshan
County (part of Haikou City) and was considered as one of the
most catastrophic events in the Hainan historical period (Chen,
1995; Table 2). Given the southeastward movement and the
severity of this event, we have reason to believe that this storm
passed the study area, and the information of its impact was pre-
served in the Xincun Lagoon sequence.

Table 2. Supplementary documented literature of storm events occurring in 1863, 1848, and 1939 CE

Date Documented description Landfall site
1863 On November 21st in 1863 CE, jufeng moved from east to south, buildings were razed. Qiongshan
On November 27th in 1863 CE, jufeng moved from northwest to southeast, numerous houses were destroyed,
thousands of people were drowned by the storm surge, which caused hazards that have never been seen
before.
1848 On November 23rd in 1848 CE, a number of buildings and trees were demolished by extraordinarily strong Dingan
winds.

1839

On December 7th-18th in 1839 CE, 6 storms and floods occurred continuously, allcrops were drowned and a

Dingan, Wenchang

large number of people lost their home, which contributed to a famine that led to the death of numerous
people. In the next two years (1840 and 1841 CE), corps were destroyed again by frequent floods and drought,

famine was the result.

Some smaller grain size peaks at the depth of 104-108 cm
may have been preserved from earlier storms in historical time
(around 1815-1825 CE). This coarse-grained bed was likely re-
lated to the frequent storm period of 1817-1824 (at least seven
storm events were documented in Chen (1995); Fig. 6).
Moreover, some coarse-grained beds in the prehistoric sedi-
ments may be associated with a series of storm events occurring
during one year or 2-3 years in a row (e.g., the event beds at the
depth of 59-61 cm), while some coarse-grained event beds may
relate to one or two large storm events (e.g., the event beds at the
depth of 65-68 cm).

5.3 Site potential for storm event reconstruction

The accurate reconstruction of paleostorm event sequences
rely on the sensitivity of a site to storm impacts (Hippensteel et
al., 2013; Maio et al., 2016). The paleostorm sensitivity of a back-
barrier lagoon depends on many factors (e.g., sea level, sediment
supply, hydrodynamic environment, morphology dynamics, and
storm frequency; Scileppi and Donnelly, 2007; Sabatier et al.,
2012; Woodruff et al., 2009).

Sea-level rise could be ruled out for our study site. During the
past 1 600 years, no obvious sea-level fluctuation (< 1 m) has
been recorded for the Hainan Island (Zong, 2004; Jiang et al.,
2018). The abrupt increase in coarse-grained event layers since
around 1815 CE (Fig. 11), thus, could not be explained by the im-
pact of sea levels.

A change of the tidal inlet position can also affect the sensitiv-
ity of a particular area to storm-induced deposition. Remote
sensing and hydrodynamic survey data acquired since the 1980s
clearly show that the tidal inlet of Xincun Lagoon is relatively
stable (Gong et al., 2008). Furthermore, the inlet is confined by
rocky strata associated with the Nanwan Hill (Fig. 1), and thus,
the entrance width could have basically remained unchanged, al-
though the main ebb tidal channel has a cyclical evolution (Gong
etal., 2008). This influence is supported by the previous geologic-
al and geomorphological surveys in the Xincun Lagoon (Song,
1984; Zhao et al., 1999).

The Xincun Lagoon is a small tidal inlet system with small
runoff and sediment inputs. Weak tidal currents are the main dy-
namic forcing in the lagoon with the current velocity over the tid-

al basin less than 0.1 m/s (Gong et al., 2008), suggesting that tidal
current is incapable of initiating coarse-grained deposits in the
tidal basin under normal conditions (Yang et al., 2017). Thus, it is
likely that the increases in grain size at the present study site were
caused by storm currents and waves during storm passage. In ad-
dition, the modeling results showed that the current velocity
changed greatly with varying storm wind direction and water
depth (Fig. S1). As the water currents turn around when reaching
the shore (Figs 9 and S1), the direction of suspended sediment
transport was contrary to that of the bottom sediment transport
flow (Fig. 9). The erosion degree of seabed sediments would in-
crease with an increase in the storm wind magnitude and a de-
crease in water depth (Fig. 9; Section 5.1). During storm passage
through the Xincun Lagoon, the storm current would erode the
coarse-grained sediments from the inlet or flood/ebb delta and
nearshore beach and transport them into the inner part of the
tidal basin (Fig. 9; Section 5.1), so that storm deposit beds would
be formed (Figs 9 and 10).

Flood events may be an additional cause for the deposition of
coarse-grained deposits. However, only two significant grain-size
populations were separated from the cores (Fig. 5a), indicating
that sediment deposition in this lagoon was dominantly con-
trolled by two hydrodynamics. Zhou et al. (2017a, b, 2019) proved
that the coarse grains were mainly from marine sources. In addi-
tion, the long distance between the river mouth and core site can
significantly reduce the deposition of coarse-grained particles
carried by the river to the core site. Furthermore, the small dis-
charge of two streams in the study area make it difficult to trans-
port large amounts of sediment (Zhou et al., 2019). Therefore, the
increase in coarse-grained deposits in these cores cannot be ex-
plained by river flooding events.

Given the very small fluvial effects, the microtidal situations,
and the relative stable sedimentary environment, this lagoon (at
least part of the lagoon) was favorable for trapping coarse-
grained sediments into this lagoon. Based on the 21Pb and Pb
pollution chronologies, at least 20 coarse-grained storm events
were detected in the five cores. However, the number of historic
event beds within these cores was not consistent (Fig. 11), sug-
gesting that these cores may reflect different potentials for the
preservation of storm deposits due to different sensitivities to
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storm impacts, coarse-grained sources, and transport pathways.
After comparison with the historically documented storm re-
cords, found that Core XCL-01 was the only core that contained a
relatively complete record of storm events (Figs 7 and 11). For ex-
ample, during the past 100 years (since 1915), about 19 storms
were recorded in Core XCL-01, which account for about 2/3 of
the documental records (32, Fig. 7). This indicates that the poten-
tial for the preservation of storm deposits in the southern basin
appears to be higher than that of the northern shallow water
areas. The possible reason for this was the proximity to coarse-
grain sources (inlet, flood delta), the southern hill block, and rel-
atively deep water. These factors caused coarse-grained storm
deposits to be more easily transported into the southern part of
the basin, letting smaller storms with weaker currents transport
coarse sediments to the XCL-01 site. In addition, the relatively
deeper water and weak current due to the hill block in the south-
ern basin may effectively reduce sediment resuspension under
storm conditions. Although the XC-03 site seemed to be sensitive
to both tropical and extratropical storms (Fig. 11), the variable
sediment sources and strong resuspension complicated the cal-
culation of an accurate storm age and the determination of storm
frequency and intensity through time.

Information of paleostorm events extracted from sediment
sequences can be affected by many factors (e.g., coastal geomor-
phology dynamics, sea level variations, sediment supply, inlet
movement). However, the good agreement between historically
documented major storms and the storm deposit record in the
southern basin zone indicate that the Xincun Lagoon has high
potential to preserve coarse-grained storm deposits related to in-
tense storms impacting on the study area. Furthermore, the relat-
ive stable sea level rise and geomorphological environment dur-
ing the past several thousand years (The Compile Committee of
China Bay Records, 1999; Zong, 2004; Jiang et al., 2018) suggest
that the high-barrier lagoon may have the high potential for long-
term storm depositional sequence reconstruction.

6 Conclusions

The present study attempts to investigate sediment dynamics
during storm passage and to examine the potential to recon-
struct long-term storm frequencies in a high-barrier lagoon (e.g.,
Xincun Lagoon). Sedimentary data, hydrodynamic modeling res-
ults, and historical document records show that this high barrier
lagoon was frequently and heavily affected by storm events. Dur-
ing storm passage, waves and currents led to suitable conditions
for suspension and transport of coarse sand into the tidal basin of
the lagoon, giving this lagoon a high potential to preserve storm-
induced sedimentation. The sediment records cores taken in the
study site recorded different sediment dynamics during storm
passage. Average sedimentation rates calculated by using the
210pb method are yield to between 0.27 mm/a and 0.63 cm/a for
all cores. Base on the 21Pb dating results and Pb pollution chro-
nostratigraphic markers, the periods of the storm deposit se-
quences of the cores were calculated to 203 a, 348 a, 266 a, 117 a,
and 186 a, respectively. Varying geomorphologic conditions and
sediment transport mechanisms caused this inconsistency of
storm events among the cores, as recorded by coarse-grained
sediments. However, the good agreement between historical ma-
jor storms and the storm deposits recorded in the southern basin
zone indicates that high-barrier lagoon may have a high poten-
tial for the long-term reconstruction of storm depositional se-
quences.

The paleostorm records preserved in sedimentary sequences
are often incomplete and site-dependent. More efforts are
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needed to examine known events in various environments and
sedimentation areas. Additionally, the selection of study sites and
core positions are critical in the high-barrier lagoons, and a series
of factors should be adequately considered, including storm
pathways, storm frequency, storm deposit sources, and sediment
dynamic.
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