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Abstract: The Wutou section, hereinafter referred to as “WTS”, lies in Jiangping, Guangxi Province,
China (21°32/8.25” N, 108°06'59.9” E; thickness of 246 cm) and consists of fluvial-lacustrine facies and
dune sands of the Late Holocene. This study reconstructed the evolution of storm surges along the
coast of the Beibu Gulf, Guangxi over the Little Ice Age, based on three accelerator mass spectrometry
(AMS)-14C, optically stimulated luminescence (OSL) dating ages, and the analyses of grain size
and heavy minerals. The analysis results indicated that the storm sediments interspersed among
aeolian sands, lagoon facies, and weak soil display a coarse mean grain size and poor sorting. The
storm sediments also show high maturity of heavy minerals and low stability resulting from rapid
accumulation due to storm surges originating from the land-facing side of the coastal dunes. Records
of seven peak storm surge periods were recorded in the WTS over the past millennium and mainly
occurred after 1400 AD, i.e., during the Little Ice Age. The peaks in storm surges, including the
14Paleostrom deposit (hereinafter referred to as “Pd”) (1425-1470AD), 10Pd (1655-1690AD), 6Pd
(1790-1820AD), and 4Pd (1850-1885AD) approximately corresponded with the periods of minimum
sunspot activity, suggesting that the periods of storm surge peaks revealed by the WTS were probably
regulated to a great extent by solar activity.

Keywords: coastal aeolian sands; Beibu Gulf in Guangxi; over the Little Ice Age; storm surge;
grain size

1. Introduction

The waters north of the equatorial western Pacific Ocean experience the highest
frequency of tropical cyclones globally. As one of the countries in the region most affected,
China has experienced increasingly serious losses from abnormal typhoon activity in
recent years [1]. Therefore, there is increased interest in approaches to mitigating damage
from typhoons. The relatively short record of storms poses a challenge to analyzing the
long-term evolution of storm events. Hence, alternative proxy records of long-term storm
activity are required [2-15].

At a global level, coastal dunes positioned at the highest position of a storm wave or
above the maximum astronomical tidal line [16,17] are widely developed in coastal zones
with abundant sand sources and strong shoreward winds. Periodicity is evident in the
evolution of these dunes and their sedimentary characteristics and distribution can act as a
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long-term historical record of sea level fluctuations and changes to the paleogeographic
environment [18,19]. Consequently, studies on these dunes have taken on increasing
importance in global change research. Studies on the development of coastal dunes have
attracted increasing attention over the last few decades as historical records of typhoon
activity [20-27]. The increased severity of storm surges resulting from strong typhoons
can erode and transport materials from coastal hills to lowlands [28], resulting in abrupt
changes in the grain sequence and structure of landside deposits. Therefore, the study
of coastal dunes can allow the retroactive deduction of historical typhoon storm surge
activity [29-32].

The sand dune activity along the south coast of China since the late Holocene has
resulted in a discontinuous distribution of sand dunes in the coastal area of Fujian-
Guangxi [19]. The coastal zone sedimentary system formed by the sand bar-lagoon and
overlying sand along the coast of Jiangping Town, Fangchenggang City, Guangxi Province
is ideal for studying the formation and evolution of coastal dunes with the purpose of
reconstructing ancient storm surge activities. The present study selected a 246 cm coastal
dune profile in the southern part of Wutou. A chronological framework was established to
reconstruct the history of coastal storm surge activity during the late Holocene in this area
according to grain size and the indicative significance of heavy minerals to the environment.

2. Study Area

The Guangxi coastal zone lies southwest of the South China uplift zone and has
experienced a gradual rising process since the postglacial period [33]. The coastal sand
bar-lagoon system accounts for ~20% of the total shoreline length of Guangxi Province,
second only to that in Shandong Province [34]. Jiangping Town lies at the southwest end
of this coastal zone and southeast of Dongxing (21°35'22” N, 108°07'44” E) (Figure 1). The
exposed bedrock in this area mainly consists of sandstone and siltstone of the Silurian
period during the Lower Paleozoic and Jurassic periods of the Mesozoic era [35], as well as
overlying loose sediments of the late Quaternary Jiangping (Q;) and Guiping formations
(Qg), floodplain facies, marine facies, coastal plain facies, and coastal dune facies [36]. The
elevation of the area decreases from northwest to southeast and can be divided into three
geomorphic blocks distributed roughly parallel to the shoreline: (1) the platform, (2) the
lagoon, and (3) the sand bar. Since the middle and late Holocene, the sand bar-lagoon has
been mostly covered with grass and shrub dunes with a height of 2 m [18]. Jiangping Town
has a tropical marine monsoon climate with an average annual temperature and rainfall of
245 °C and >1500 mm, respectively, with the rainy season occurring mainly from July to
September. The prevailing wind directions of the study area are northeast. The mean tidal
range is 2.12 m. The tortuous shoreline of the study area results in typhoon storm surges
forming in the crests of many bays at heights exceeding the average height by 2 m [37].
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Figure 1. Stratigraphic map of the Wutou section.

3. Sequence of Aeolian Sand and the Age of the Wutou Section in Jiangping
3.1. Wutou Section

The Wutou section, hereinafter referred to as “WTS”, lies in the interdune land of
the transverse sand ridges southwest of Wutou Village, Jiangping Town (21°32/8.25” N,
108°06'59.9” E). The WTS lies ~800 m to the south of the coastline (Figure 1) and consists
of gentle undulating shrub dune land. The profile of the WTS has a thickness of 246
cm and from top to bottom is classified into seven layers of moving dune (hereinafter
referred to as “D”) and seven layers of storm deposits (Pd) by color, structure, and the
overlying—underlying contact modes of the layers. The mobile dune is light-yellow, mainly
consists of medium-fine sands and has horizontal bedding and cross bedding. The storm
deposits comprise mainly loose, carbon-bearing offwhite-caesious medium-fine sands with
a horizontal texture and flat bottom surface. The interspersed aeolian sand and storm
deposits form distinct rhythmic deposits. The WTS integrated contact with gray-black
lake-marsh facies at the bottom.

3.2. Chronological Result

One optically stimulated luminescence (OSL) and two AMS-!4C dating samples were
collected from the top and bottom of the WTS. The samples were analyzed and tested at
the Miami Beta Labs, United States of America (USA) and the Neotectonic Geochronology
Laboratory, Institute of Geology, China Earthquake Administration, respectively. The OSL
samples were dated using single-aliquot regenerative-dose (SAR) (Rise TL/OSL-DA-20
Thermoluminescence/OSL Instrument, Risg Lab, Denmark) for the extraction of coarse
quartz particles of 90-125 um. AMS-!*C was used to determine the contents of organic
matter and carbon debris in the strata of the material system. The obtained conventional
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ages were corrected by fractionation and then by IntCal 13 data [38] to obtain estimates of
the calendar age. As shown in Table 1 and Figure 2, the lacustrine facies disappeared and
coastal aeolian sand accumulated in the WTS at 530a BP, around 1400 AD, corresponding
to the beginning of the Little Ice Age, hereinafter referred to as “LIA”. The study area
demonstrates a stable rising process and source supply since the postglacial period [33].
The prevailing wind direction of the coastal region of South China is northeast and hasn’t
changed much since the middle-late Holocene [19]. Therefore, the aeolian sands of WTS
have the same occurrence and color and show a continuous accumulation apart from
occasional storm surge deposits.

Table 1. Results of optically stimulated luminescence (OSL) and accelerator mass spectrometry
(AMS)-14C dating for the Wutou section.

Sample Depth (cm) Age (a BP) Calendar Age (cal.
A.D.))
WTS4-M 34 120 + 30 (AMS-14C age) 1940~1880
OSL-7-B 82 20 £ 40 (OSL age) —_—
WTS15-T 250 500 + 30 (AMS-4C age) 1448~1398
Woutou sectionDepth Age(cal.B.P.)
(cm )0 200 400 600
IMD 0 T T
2pd L
4pd € 1—&2
5D 50 -
6Pd
7D g el
] Fo—i
8Pd
100 —
oD
10Pd 1
11D 150 —
12Pd 9
13D 200 —
14Pd
| = 530 g
0 1 2 3 4 5

sedimentation rate(mm/a)
M Cultivation layer I:l Moving dune sand, light yellow medium and fine sand
I:l Storm deposits - Lacustrine-swamp facies @ "Cage I OSLage

Figure 2. Age and sedimentation rate of the Wutou section.

There was obvious inversion of the OSL age of 20 & 40 a BP at 82 cm depth, possibly
due to disturbance and pollution; therefore, the present study disregarded this record.
The plant root system may be an occasional disturbance to the OSL age of the 7D layer
and can’t be ruled out [39]. But for the AMS-14C age of the 4Pd layer, there are large
carbonaceous fragments reserved in situ, so the disturbance is less likely. In addition, the
area and the scale of the coastal sands are in continuous decline [40]; however, the OSL
age-dating result does not correspond with this situation. For the WTS, it is reliable to
define the accumulation time from beginning to end with the AMS-14C age dating from
the carbonaceous fragments sample reserved in the 4Pd layer and the organic material
sample reserved in the 15LS layer.

The sedimentation rate of this section was calculated based on the results of two age
tests at the top and bottom of the section. Linear interpolation of the age was performed
and the chronology framework of sedimentation of WTS was established (Figure 2). As
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shown in Figure 2, the sedimentation rate of the coastal aeolian sand profile was relatively
1

stable, ranging from 425 mma ! to 48 mma~!.
4. Analyses of Particle Sizes and Heavy Minerals of the WTS
4.1. Particle Size Analysis

Samples (n = 132) were collected from the WTS at a depth interval of 2 cm. Grain-size
analysis was conducted at the Key Laboratory of Environmental Evolution and Resource
Utilization of Beibu Gulf, Ministry of Education, Nanning Normal University using a
Malvern Mastersizer 2000 M laser particle size analyzer with a measuring range of 0.01-
2,000 pm. The experimental process used was based on the loess particle size analysis
method [41].

As shown in Table 2, the sand content of WTS samples exceeded 90%, with fine sand
comprising the largest proportion, followed by medium sand. The aeolian sand layer of
the WTS samples was the same as that of modern coastal aeolian sand in the surrounding
area [42] and was mostly composed of sand without silt clay. The content of fine sand
in the aeolian layer was the highest among the entire profile. The contents of medium
and coarse sand in the storm deposit layer were the highest across the entire section. Very
coarse sand was found in some samples, whereas there were decreases in the contents of
fine sand, very fine sand, silt, and clay.

Table 2. Grain-size composition (%) of different sedimentary facies and main descriptive statistics (expressed in ® units) in
Wautou section and other sites.

Coarse Medium Fine Very Fine Coarse Fine

Site Facies Sand Sand Sand Sand silt silt Clay Mz(®) o(@
whole section 0-5.39 20.40-50.19 46.07-79.11 0.02-1.47 0-2.78 0-1.06 0-1.06 1.94-2.35 0.41-0.62
average 0.40 3643 62.77 031 0.06 0.02 0.02 216 048
WTS aeolian sand 0-1.36 20.40-46.55 52.05-79.11 0.02-1.47 0 0 0 2.03~2.35 0.41~0.55
layer 92 average 0.15 33.28 66.21 0.36 0 0 0 222 0.46
storm 0.03-5.39 34.21-50.19 46.07-63.91 0.02-1.27 0-2.78 0-1.06 0-1.057 1.94-2.22 0.45-0.62
deposits layer average 0.80 4141 57.32 025 0.15 0.04 0.04 2.10 051
“e"ll';’“;a“d 23.49 52.36 24.15 0 1.50 0.68
Jianling in Hainan Island [10] Y
storm 39.35 272 17.16 077 1.22 0.83
deposits layer
Zhoushan Island in Before typhoon 2.20 0.37
Zhejiang(sand dune) [23] After typhoon 1.97 045
Hatteras Island in Before typhoon 1.98 1.37
southeastern America (sand
dune) [43] After typhoon 1.74 154

The present study calculated the average particle size Mz(¢) and sorting coefficient
o(¢) of the WTS according to the formula proposed by Folk and Ward [44]. As shown
in Figure 3, the results indicated that the sediments in the WTS can be characterized as
medium-fine sand and the range of sorting of sediments in the section was good to poor.
Among the sediment particles, storm deposits had the coarsest grain size, followed by
aeolian sand and lagoonal facies, with weak sandy loam showing the finest grain size.
The value of o(¢) confirmed optimal sorting in the aeolian sand, followed by that in the
storm deposits and weak sandy loam. Lagoonal facies showed the worst sorting, with a
relatively high content of fine particulate matter, such as clay (Table 2). These differences
in o(¢) resulted in the grain size parameters displaying a vertical rhythm of peak—valley
alternation (Figure 3).
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The percentage and parameters of grain-size distributions in the Wutou section.

4.2. Analysis of Heavy Minerals

Heavy mineral analysis was performed on 14 samples and 2 samples from the WTS
and modern beach sands, respectively. The heavy minerals content of these samples fluctu-
ated between 0.14% and 1.40%, with 22 common species. Among the minerals identified,
ilmenite, white titanium, tourmaline, and zircon showed the highest concentrations, col-
lectively accounting for 88.62% of all heavy minerals. These minerals are dominant in
the WTS and the sediments of nearby rivers [45], beaches, and shallow seas [46] (Table 3).
Hematite, anatase, and rutile collectively accounted for 5.72% of all heavy minerals. Only
minor concentrations of epidote, monazite, garnet, amphibole, pyroxene, chrome spinel,
pyrite, malachite, and sillimanite were detected, collectively contributing less than 1%
of all minerals. The heavy mineral component also contained 1.47-5.51% of debris and
weathered minerals. The average content of heavy minerals in the storm deposit layer was
0.63%, exceeding that of the aeolian sand layer of 0.60%.

Table 3. Heavy mineral composition (%) in different sedimentary facies of the Wutou section.

White

Site Ilmenite R Zircon Tourmaline Hematite Anatase Rutile Epidote Monazite Others
Titanium
D 17.21~50.40 13.27~31.71 4.71~12.91 5.43~17.85 0.40~4.48 0.93~4.79 1.19~2.58 0.17~3.45 0.169~0.172 2.33~4.61
WIS average 42.44 23.53 9.63 10.48 1.61 2.10 1.83 1.00 017 3.64
Pd 33.83~59.72 10.53~38.76 5.22~13.82 6.51~14.72 0.26~6.78 0.41~3.07 0.86~2.35 0.18~0.78 0.16~0.17 1.47~5.51
average 46.99 22.50 9.96 10.78 2.56 1.78 1.84 0.44 0.168 325
Gold beach 28.05~29.03 33.63~39.30 9.40~9.60 5.75~7.47 1.00~1.70 7.55~8.10 2.30~2.70 0.83~1.50 1.75~5.17
»old beac average 2854 3647 950 6.61 135 7.83 25 1.17 3.46
Beib}x Gulf average 55.80 23.10 38.70 10.80
[45,46] 56.00 12.20 9.5 10.60 430 415 0.60 1.70 1.20
Fangcheng average 75.40 49.80 4.30 2.60 3.00
River [45,46] 50.00 6.00 7.00 6.00 18.00

5. Discussion
5.1. Storm Surge Events Indicated by Storm Deposits in the WTS

The erosive actions of wind and waves during modern storm surges can lead to
differences in grain size characteristics in different parts of a dune surface, depending on
the surrounding topography, vegetation, and other comprehensive factors. The coarse
grain size and poor sorting characteristics of storm deposits in the WTS are similar to that
of coastal dunes in North Carolina [43], in Hainan [10], and Zhoushan [23] in Zhejiang
Province after the effects of storms (Table 2). This observation suggests that storm deposi-
tion in this area is the product of backshore accumulation at the end of a storm surge. Storm
deposits are characterized by a loose and “honeycombed” structure. This structure occurs
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through rushing water generated by a storm depositing wet sands on top of previously
dry sand dunes. The subsequent rapid draining of water generates this honeycombed and
loose sand structure [47,48].

Sample points of each sedimentary facies in the WTS were projected onto the Passega
C-M map according to particle size, with a median particle size corresponding to the 1%
particle content. Within a C—-M map, “C” represents the coarsest 1 percentile of sediment
particles as an indicator of the upper limit of competence of a depositional agent, provided
that a full range of sizes was available for particle transport; “M” represents the median
50th percentile of grain size, which reflects the average energy of ambient agents. C-M
patterns not only reflect the transport and depositional mechanisms of sediments as a
whole, but also indicate the flow path of coarse components. Therefore, this method has
been widely used to reconstruct modern and ancient depositional environments. The
sample points were mainly distributed in the QR section of the progressive suspension
zone, there was a proportional increase in C and M, mostly parallel to the baseline of
C =M, and the groups of sample points were significantly differentiated (Figure 4). The
sample points of the storm deposit were located far from the C = M baseline and had poor
sorting. The C and M values of the samples all exceeded 400 um and 200 um, respectively.
The samples could be roughly separated from the aeolian sand samples by considering
M = 230 um to be the boundary. The separated samples fell into the IV region, indicating
high turbulence and that the sediment particles were mainly regulated by a transport
medium characterized by stronger mobility and energy.

10,000 5
i 1 1.tractional current deposit 70/0‘
1 4
12.turbidity deposition %
A / +
1 3.static water or ocean suspended deposit 4 7
] P 0 s +
+
1,000 ; Q + o4t
1 Hﬁﬁ
' 1 EE.
£ g +
= o+
S S
ocs
100 4 A ﬁ

O coastaldune sand

\ + storm deposits

30

10

10 100

- Ill:UUU 180 300
M/pm ' M/pm

Figure 4. C-M schema of different facies in the Wutou section.

In addition to grain size, there were also differences in the stability coefficients of
heavy minerals and in the ZTR index (Zircon-Tourmaline-Rutile maturity index) of storm
deposits and aeolian sands. The mineral stability coefficient reflecting weather resistance
represents the relative proportions of stable and unstable minerals [49]. The current study
regarded the stability coefficient to be the ratio of extremely stable minerals to unstable
minerals + relatively stable minerals + stable minerals. The ZTR index, or heavy mineral
maturity index, is a method of determining how weathered a sediment is, and it represents
the proportion of zircon, tourmaline, and rutile in total detrital heavy minerals [50]. Both
the stability coefficient and the ZTR can reflect the distance of sediment transport and
the levels of mechanical kinetic energy, hydrodynamic separation, abrasion, and maturity.
The stability values of the storm deposit, aeolian sand, and modern beach sand at Jintan
were 1.04, 1.36, and 1.41, respectively, whereas the ZTR values were 22.59, 21.94, and
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18.61, respectively. The low maturity and high stability of modern beach sand in Jintan
reflect the characteristics of an intertidal sedimentary environment. In other words, a
low mechanical kinetic energy, long-term winnowing by sea water, and high dissolution
strength. The aeolian sand that developed above the high tide line of the backshore was
formed in a dry and windy environment in which heavier minerals in the beach sand could
not be blown and transported to the backshore. Therefore, the minerals in the aeolian
sand layer generally showed a low specific gravity. Storm deposits occur in relatively
high-energy environments, characterized by high maturity and low stability of heavy
minerals. This phenomenon fully demonstrates the action of high-energy force conditions
dominated by mechanical action, indicating that the development of this type of sediment
is triggered by an extreme event from a long distance away and that the sediment was
rapidly transported ashore.

The accumulation triggered by tsunami extreme events shares characteristics with
storm surge sediment in coastal areas, and there exist many disputes on technical distinction
between sandy tsunami and storm deposits [43]. According to a numerical simulation,
tsunami waves generated by a virtual extreme earthquake in the Manila Trench can cause
severe hazards on the south coast of China, with a maximum wave amplitude over 8 m and
velocity exceeding 2 ms~! when it reaches the shore [51]. Simulation studies also show that
the tsunami which destroyed the Song dynasty on Nan’ao island of Guangdong province
in 1076 AD can reach the coastal region in mid-east Vietnam, but the Beibu Gulf area was
only slightly affected by this tsunami due to a natural barrier of Hainan island [52]. No
tsunami has ever been documented in the Beibu Gulf area since 1400 AD [53]. Therefore,
taking the storm surge as a critical factor for the formation of aeolian sand over the LIA is
reliable. The formation of coastal storm surge sediments in the Beibu Gulf is affected by
high energy forces and the characteristics of rapid and long-distance sediment transport
can be established by low and high Mz($) and o(¢) values, respectively, high maturity,
and low stability of heavy minerals. Therefore, the parallel cycles of change in Mz(¢$) and
o(¢) in the seven storm deposition layers in the WTS can be regarded as seven periods of
typhoon storm surges under a background of coastal aeolian sand accumulation. If this
view is correct, the WTS has recorded at least seven periods of high storm surges since
1400 AD.

5.2. Evolution of the Coastal Environmental in the Beibu Gulf since the Late Holocene and the
Significance of High-Energy Sea-Atmosphere Events

Simulation studies have shown that the northern part of the South China Sea experi-
ences a similar water-increasing effect before and after a typhoon [54]. Therefore, it can be
concluded that the period of high storm surges during the LIA as revealed by the grain size
and heavy mineral content of the WTS was universal across the South China Sea. Current
study suggests that the peak in storm surge events since the LIA in the coastal areas of
South China was concentrated during 1500 AD and 1660-1680 AD. For example, historical
data for Guangdong Province indicates an increase in the number of typhoons that have
landed over the past millennium since 1460 [7] and that typhoons impacted Guangdong
during the 17th and 19th centuries [12,13]. Sedimentary records for Guangjin Island in
Xisha, South China Sea [7] and for Lingshui, Hainan [10] similarly confirmed that the
maximum typhoon frequency occurred in the northern part of the South China Sea since
1400 AD, particularly during 1600-1900 AD [13].

The WTS shows records of seven periods of high storm surges in the Beibu Gulf since
the LIA: (1) 1420-1470 AD (14Pd), (2) 1520-1610 AD (12Pd), (3) 1650-1690 AD (10Pd),
(4) 1730-1770 AD (8Pd), (5) 1790-1800 AD (6Pd), (6) 1850-1890 AD (4Pd), and (7) 1930-
1940 AD (2Pd). The earliest historical description of typhoons and associated disasters in
the Beibu Gulf can be traced back to 972 AD. Descriptions of the typhoon or associated
disasters were identified in the data, with keywords searched to identify the former being

77

“wind disaster”, “strong wind”, and “hurricane”, whereas those for the latter included
7 "

“sea overflow”, “great wind and rain”, and “wind tide”. For example, both the Wuxing
annal/Lingshan annal of the Ming Dynasty and the Lingshan annals of the Republic of
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China (Qing Dynasty, Jiagiang) recorded a rise in sea water level in Lianzhou and Lingshan
in 1501. Historical records for May of 1653 stated: “In May, the sea overflowed in Qinzhou”
and “On the 4th of May, Lianzhou was hit by a hurricane and the sea tide was overflowing”
(Qing Dynasty, disaster annals/Hepuxian annal, Lianzhou annal); for June of 1802: “in
June, Qinzhou Sea Overflow” (Qinzhou annals); in 1908, “Hepu hurricane occurred on
12 September and on 17 September, and the tide rose”; in 1934, “On the night of 18 June,
a strong east wind came up in Qinxian, the sea water overflowed, the water was deep in
Qingcaoping, Shapo and other places”. These historical records assisted in reconstructing
the historical frequency of typhoons and storm surge disasters in the Beibu Gulf since the
LIA was restored [55] (Figure 5b). The historical records indicated that the frequency of
storm surge disasters gradually increased after 1500 AD. These disasters included the four
“sea overflow” events in 1501, 1653, 1802, and 1934 (the black arrow in Figure 5b) which
were basically within the range of the peak period of storm surges recorded in the WTS and
are generally consistent with the conclusions of various studies in South China [8,13,56]
and of islands within the South China Sea [7,10,12].

7
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Figure 5. A comparison of the large tropical cyclone event periods in Beibu Gulf, Guangxi Province, China with paleo-

cyclone records for the South China Sea over the LIA. (a) Large tropical cyclone event periods at the Wutou section (WTS)

Scheme 55. (b) Historic cyclone records for Guangxi Province from written sources [51]. (c) Historic cyclone records for

Guangdong Province from written sources [13]. Sea surface temperatures (SSTs) for the western Pacific warm pool (WPWP)

from core MD98-2181 [57]. (d) Inferred changes in Holocene El Nifio frequency from Laguna Pallcacocha, Ecuador [58]. (e)

Sunspot sequences [59].

It is generally considered that the trends in climate change over the past millennium
can be divided into three major periods: (1) the medieval warm period (MWP), (2) the
LIA and, (3) the modern warm period. The sea surface temperatures (SST) in the Indian
Ocean and in the Western Pacific Ocean were relatively high during the medieval warm
period [57], and the sea level in the northern South China Sea was at least 128 cm higher
than that today [60]. A high sea level event occurred in the estuary of the Pearl River [61,62]
following which the sea level began to decline during the LIA. The records within the
WTS indicated that lacustrine sediments dominated prior to 1400 AD, following which
aeolian sediments representing cold and dry environments in the LIA dominated during
(14002000 AD). These high storm surge periods, including 14Pd (1425-1470 AD), 10Pd
(1655-1690 AD), 6Pd (1790-1820 AD), and 4Pd (1850-1885 AD), correspond with the
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minimum phases of the Sporer, Maunder, Dalton, and Damon spots in the sunspot activity
curve (Usoskin, et al., 2007), respectively, with sunspot activity and storm surge periods
showing near synchronized changes. Although the relationship between solar activity and
typhoon activity has yet to be isolated, solar activity has been linked to significant regional
differences in global warming. Subtropical oceans with less cloud enhance meridional
Hadley circulation after absorbing solar radiation [63]. The superposition of this positive
feedback process will eventually adjust the entire low-latitude air-sea coupling system,
thus affecting the air-sea cycle, leading to the active landing period of typhoons mostly
occurring during the cold wave stage of the LIA [15]. Undoubtedly, the relationship
between typhoon storm surge activity and solar activity on a millennium scale may not
be so simple. Therefore, more detailed work on interpretating geological records for
different climatic regions is required. In addition, there is a need for a discussion on
chronology, resolution, significance of proxy indicators, and climate simulation, with a
view to identifying mechanisms of climate change and storm surge activity over the LIA.

6. Conclusions

The WTS in the southwest of China’s coastline has a thickness of 264 cm of aeolian
sediments within which seven layers of storm deposits (Pd) can provide a medium for the
study of paleo-storms. We reconstructed the evolution of coastal storm surges since the LIA
in the Beibu Gulf coastal area according to grain size and the indicative significance of heavy
minerals. These results suggest that (1) the mean grain size Mz(¢$) and sorting coefficient
o were negatively correlated and showed a synchronous distribution in comparison to
aeolian sand in the WTS. The high maturity and low stability of heavy minerals indicated
that they are affected by high-energy forces and that they are the products of the rapid
accumulation of sand dunes on the landward side of the coast subject to the influence of
storm surges; (2) seven periods of high storm surges were recorded in the aeolian sand of
the WTS since 1400 AD. Four of these periods correspond to minimum stages of sunspot
activity. This correlation indicates that solar activity may to some extent affect the peak
period of storm surges.

The results of the present study can provide novel perspectives and methods for
the study of paleo-storms; however, this is only a starting point, and more research on
the evolution mechanism of the paleo-storms in the Beibu Gulf coastal area would be
worthwhile.
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