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Sedimentary evidence of storms and fluvial floods (FFs) is crucial for a better
understanding of such events in coastal zones. In this study, we analyzed the
sedimentary characteristics of the coastal storm and FF deposits at the Hoa Duan
barrier, Thua Thien Hue, central Vietnam. Analyses of the sedimentary structures and
properties (grain size distribution, composition, roundness, and sphericity) and loss on
ignition revealed that the storm sediments were comprised of coarser grains with a
low organic and carbonated content, and with sedimentary structures, including parallel
and inclined landward lamination, multiple sets of normal and reverse grading, mud
rip-up clasts, and sharp and erosional contacts (both top and bottom) with finer-grain
layers. Conversely, the FF sediments had only fine to very fine grains, with dominant
high organic and carbonate contents, and only exhibited sedimentary structures of
sharp erosional top and bottom contacts with coarser-grained layers. The clearest
differentiation to distinguish coastal storm layers from inland FF layers was obtained
by plotting the mean grain size against the sorting. The results of optically stimulated
luminescence dating suggested that two storm layers and one FF layer were deposited
during the last 130 4+ 10 years. Moreover, two layers were deposited by storms and
one by a FF prior to that (>130 4+ 10 years). The identification of the sedimentary
diagnostic key of these two hazards can help to improve the understanding of the
geomorphological evolution of the studied site and the other parts of this coastal region
in order to remind the coastal community to prepare for future coastal hazards well.

Keywords: storm deposit, fluvial flood deposit, OSL dating, barrier island, Vietham

INTRODUCTION

For the past two decades, the global mean sea level (msl) has been rising at an average
rate of 2.9 mm per year (Nerem et al, 2018). Such an increase will result in the permanent
and periodic inundation of low-lying areas, increased erosion, saltwater intrusion, and
damage to physical infrastructures (Gornitz, 1991; McGranahan et al,, 2007). Currently, the
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low-lying coastal communities are vulnerable to sea-level rise
and stronger storms brought on by climate change due to global
warming (McGranahan et al., 2007; Cui et al., 2015; Bevacqua
et al., 2018; Maanan et al., 2018). Storm wave characteristics
and storm surges are also affected by climate change since sea-
level rises contribute to increased storm surge events (Hemer
et al., 2013; IPCC, 2014; Maanan et al., 2018; Vousdoukas et al.,
2020). Coastal areas are one of the most densely populated and
developed geographical zones of the world (Luijendijk et al.,
2018; Vousdoukas et al., 2020). Therefore, coastal hazards, such
as coastal storms and erosion, constitute a severe danger to the
physical, economic, and social systems of coastal communities
(Bevacqua et al., 2018).

Identifying and dating past extreme events (e.g., floods and
storm surge) is an important tool to evaluate the vulnerability
of a region and ultimately aid in preparing to limit the effects of
natural hazards in the future. This is done by investigating and
dating the deposits of previous events with regard to their spatial
context and nature. Sediment layers formed by storms and fluvial
floods (FFs) have been analyzed in a variety of settings around the
globe (e.g., Nanayama et al., 2000; Yao et al., 2019) as they should
have characteristic sedimentary structures due to differences in
the transport process.

For instance, Nanayama et al. (2000) discovered layers of
anomalous sediments in the coastal area of Hokkaido, Japan,
and classified them as storm, tsunami, and FF using sedimentary
structures and grain size characteristics. A 50-cm-thick layer of
flood deposits was characterized by light gray sand mixed with
gravel, while storm deposits contained marine sand with a foreset
bedding structure. The tsunami deposit, which overlaid the storm
layer, had a similar thickness (35-cm thick) and contained the
same landward thinning geometry. However, the tsunami deposit
was comprised of four layers associated with the landward and
seaward flows of the two main tsunami waves, while the storm
deposit contained a single layer (Nanayama et al., 2000).

Yao et al. (2019) classified the storm deposits and FF deposits
(FFDs) induced by a hurricane in the wetland environment
of Texas, United States, using sedimentary structure, loss-on-
ignition (LOI), and X-ray fluorescence analyses. The flood
deposit had a 9-cm-thick layer and was characterized as a light-
gray rootless mud underlaid by a 5- to 10-cm-thick layer of the
storm deposits (Yao et al., 2019). Khan et al. (2013) investigated
the sediments of the 2011 Mississippi River Flood using biological
features as indicative of the fluvial origin to distinguish the
flood deposit from the presurface sediment. Yamashita et al.
(2011) discovered the FFDs on the river mouth from Ise Bay,
Central Japan. The layer of the FFD contained muddy particles
that covered the sand material of the tidal flat, which was
distinguished from the overbank deposit by a sharp basal contact.
Yamada et al. (2016) identified the flooding layer of the Abu
River in Yamaguchi City, Japan, from an overbank deposit. Their
finding indicated the variety of flood sediments, ranging from
muddy particles to cobbles.

The often reported characteristics of storm deposits preserved
in coastal areas include sharp and erosional contacts, normal
and reverse grading, mud rip-up clasts (MRCs), mud laminae,
laminated sand, marine shells, marine fossils, and marine

microfossils (e.g., Liu and Fearn, 1993, 2000a,b; Donnelly
et al., 2001; Liu, 2004, 2007; Donnelly, 2005; Elsner, 2007;
Morton et al, 2007; Williams, 2010, 2013; Phantuwongraj
and Choowong, 2012; Phantuwongraj et al,, 2013; Williams
et al, 2016; Kongsen et al, 2021). In contrast, FFDs can
usually be identified by sharp and erosional contacts,
lamination, cross-bedding, massive mud contents, well-
sorted suspended sediment with a rounded shape due to
long-distance transport, and a high organic matter (OM) and
plant detritus content (e.g., Rubin et al, 1998; Zhu et al,
2005; Yamashita et al, 2011; Khan et al., 2013; Day et al,
2016; Matsumoto et al., 2016; Yamada et al., 2016). However,
the individual regional setting (e.g., substrate and coastal
geomorphology) might produce specific features that are not
generally common.

Vietnam has been severely affected by natural hazards, such
as FFs and tropical cyclones, for decades. More than 70% of
the severe natural hazards affecting Vietnam are attributed to
typhoons, whereas fluvial flooding is the second most frequent
event (Imamura and To, 1997). The main cause for the
vulnerability of Vietnam to these hazards is its geographical
position, with approximately 3,260 km of coastline stretching
longitudinally next to the Western Pacific Ocean (Imamura
and To, 1997; Larson et al., 2014). This makes the population
of Vietnam particularly vulnerable to a sea-level rise, floods,
coastal erosion, and tropical cyclones (Imamura and To, 1997;
Kleinen, 2002).

On average, Vietnam experiences five to six typhoons every
year due to its proximity to significant tropical cyclone genesis
zones (Wang et al., 2007) and the influence of the Mei-Yu
front (Lee et al., 2006). During the 20th century, about 786
typhoons and tropical storms struck the Vietnamese coast, of
which 348 had strong wind speeds (>120 km/h) (Kleinen,
2002). For example, there were two successive typhoons in
1985, starting with typhoon Andy (Category 2 on Saffir-
Simpson Hurricane Scale) from October 1 to 3 in central
Vietnam (Dong Hai and Le Thuy) (Figure 1A), followed by
typhoon Cecil (Category 3 on Saffir-Simpson Hurricane Scale) on
October 15 and 16. These were considered the most catastrophic
disasters at that time, causing over 1,000 casualties, 276,790
destroyed and damaged houses, and 3,300 wrecked fishing boats
(Imamura and To, 1997).

Twelve years later (1997), tropical storm Linda was described
as the most significant storm of the century, causing nearly 800
deaths, 2,132 missing people, and ruining over 300,000 houses
(Kleinen, 2002). A severe FF occurred in November 1999 in
central Vietnam, affecting numerous areas (IFRC, 2001; Beckman
etal.,, 2002; Vu and Ranzi, 2017; Nga et al., 2018). The number of
death was 793, and 52,500 houses were destroyed. Most damages
occurred in the Hue region, where precipitation reached record
levels of 2,288 mm, exceeding emergency thresholds. With the
immense volume of water draining from the Huong River, the
cities of Hue were submerged by 1-2 m of flood water, depending
on the topography (Beckman et al., 2002). Moreover, apart from
natural hazards, Hirai et al. (2008) stated that, if the global
warming-induced sea level rise continues unabated, floods like
the one in November 1999 will become more common.
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FIGURE 1 | The study site at Hoa Duan, Thua Thein Hua, Central Vietnam. (A) Viet

mostly moved from east to west. Note that the tracks of tropical storms and typhoons are listed only for those in central Vietham and are presented in
Supplementary Table 2. (B) A geomorphological map of the study site showing the sand barriers, lagoons, alluvial plains, Thuan An inlet, and old Hoa Duan inlet
(which was permanently closed), and (C) a close up satellite image from Google Earth of the Hoa Duan barrier showing the sampling points of core samples, OSL

dating, and recent shore-normal beach samples.
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Sedimentary records of the past storm and FF events are
essential for raising the awareness of people living in low-lying
coastal areas. It has to be noted that, until today, very little has
been known about the particular characteristics of the storm
and fluvial deposits in Vietnam (Mathers and Zalasiewicz, 1999;
Williams et al., 2019), and that the history of extreme events
in this region is poorly investigated. Therefore, to enhance the
understanding of the natural events that deposited material
in Vietnam, this study analyzed and provided the distinction
between storm surge and FF deposits in the past centuries. The
aim of this paper is to characterize the storm and fluvial deposits
in central Vietnam, with the main objectives being to (1) present
sedimentological classification of the storm, fluvial, and other
deposits of the shore-normal processes (recent beach), (2) apply
statistical grain size analysis as a sedimentological analog to
distinct storm and flood deposits, and (3) use optically stimulated
luminescence (OSL) dating to infer the age of the depositional
event. This work provides sedimentary evidence of high energy
events on the barrier island in Vietnam.

GEOLOGICAL SETTING OF THE STUDY
AREA

The study site, with an area of approximately 0.30 km?, is located
at Hoa Duan, Thua Thien Hue, central Vietnam (Hoa Duan, Hue
City) (Figure 1), and is part of a 38-km-long barrier island that
lies in a northwest-southeast direction. This barrier is narrow at
the north, at about 300 m in width, and wider at the south, at
about 4-km width. Elevation of the ground surface is low in the

north at about 1-2 m above (a) msl and then rapidly increasing
due to the change of topography from a coastal plain to sand
dunes with an average height of about 15 m. The coast of the study
area lies in a northeast direction, flanked by the East Vietnam
Sea at the front with a large lagoon (Pdm Thanh Lam) at the
back. The lagoon water, with an average depth of only 1 to 2 m
is usually connected to the East Vietnam Sea by the Thuan An
inlet, which is located near the mouth of the Huong River (Hirai
et al., 2008). The tidal range in the region is about 0.4 m and
is, thus, categorized as a microtidal system. The study area is
influenced by the monsoon climatic regime that is responsable
for the rainy and dry seasons in this area. From mid-October to
February, the northeast monsoon that passes the South China
Sea brings abundant precipitation to the coastal area. The flood
season usually occurs from September through December due to
the northeast winds and typhoons. Subsequently, the southwest
monsoon, from May to September, usually generates hot weather
due to the southwest winds drying out after passing the high
mountain range of the country (Nghiem et al., 2007). Therefore,
the rainfall also decreased during the dry season.

Field investigations were carried out from January 8 to 15,
2019, after the end of the typhoon season (Larson et al., 2014).
During the investigations, destroyed buildings and erosional
marks on beach scarps were observed, indicating the highest wave
impact during the preceding monsoon period (Figures 2A-C).
The sediment investigated here was mainly sand (Figure 2D),
which has differences in grain size. Finer-grained sediment
was found on the surface in some areas, particularly at low-
relief topography. Most of the surface was vegetated with grass.
The highest point of the area is 2.5 m above the mean tide
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FIGURE 2 | Hoa Duan barrier. (A,B) Beach scarps and derelict buildings resulting from wave erosion during the typhoon season that indicated the maximum wave
height during the typhoon season. (C) A local villager showing a water mark level of the flood in November 1999 (2 m). (D) The VN1 and ST4 sampling points in the
low topography of the Hoa Duan barrier. (E) Cross-section of Hoa Duan, measured using a total station survey camera, coupled with core locations with depth and
the OSL ages (a yellow circle). A dashed red line indicates the water level of the flood in November 1999 that inundated this area (2-m depth). The OSL dating of
STA4, STA5, and STAG indicated the depositional ages as modern, modern, and 130 + 10 years, respectively. The modern age means less than 100 years. The
correlations are presented in detail in Figure 3. All photos were taken on January 12, 2019.

level (amtl) (Figure 2E). There was almost no anthropogenic
modification in the study area, except for conifers planted along
the barrier. However, outside the study area, a built-up area of
coastal communities, restaurants, hotels, and resorts was found

throughout the barrier island. In the northwest, there was a
breach from the flood in November 1999 (Lam et al., 2007), which
left an ephemeral inlet connecting Thanh Lam Lagoon and the
East Vietnam Sea until it closed in 2001. This breach at Hoa
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Duan was the consequence of a washout process caused by a
flood event that included more than 2,000 mm of rain in a week
and an unusually high-water level in the lagoon of about 4-m
amsl (Hirai et al., 2008). According to the study of Nguyen Huu
and Duong (2015), flooding in 1999 completely devastated this
area, destroying 13.2 hectares and consequently forming a new
inlet at Hoa Duan.

According to the historical records, the barrier here is
associated with the closing and opening of the Hoa Duan and
Thuan An inlets (Figure 1B; Lam et al., 2007; Schweyer, 2018).
Lam et al. (2007) stated that the Hoa Duan inlet first opened in
AD 1404 and closed in AD 1467, and then reopened in AD 1498
and closed again in AD 1909, and opened once again from the
flood in November 1999 and most recently closed in 2001. Based
on the historical record representing the existence of the barrier
(Lam et al., 2007; Schweyer, 2018), the sea-level history of the
area can be inferred from the location of the barrier, which has
changed slightly in the centennial scale.

APPROACH AND METHODS
Topographic Survey and Stratigraphy

At the barrier beach ridge, a transect was mapped perpendicular
to the East Vietnam Sea (northeast), drawn from the sea level
to the PAm Thanh Lam lagoon (southwest) (Figures 1B,C).
Topographic measurement of this transect was conducted using
a total station survey camera SOKKIA (SET630R) to obtain its
true elevation with reference to the water table of the Dong Ha
meteorological station at the time of surveying. A handheld GPS
was used to provide reference points of all stations. The accuracy
of distance measurement using the fine average measurement
mode with a prism was &= (2 + 2 ppm X D) mm (Kongsen et al.,
2021). Tidal ranges of the area were established, including the
mean tide, high tide, and low tide, by converting elevation into
meters amsl, following the method of Williams et al. (2016).

Additionally, three cores were collected inland at 50-m
intervals along the transect and designated as VN1, VN2, and
VN3 (Figures 1C, 2E). Before coring, 40- to 50-cm-deep pits
(Pitl, Pit2, and Pit3; Figure 3) were dug at each station to
examine the deposition profile and prepare for the OSL sample
collection. Pits could not be more profound because of the
water table. Subsequently, three-inch-diameter plastic tubes were
percussed from the ground surface to collect core samples, which
were cleaned, sealed with duct tape, and, once secured, the cores
were cut into two halves, photographed, logged, and sampled. In
addition to collecting core samples, sediment samples from the
shore-normal processes at the beach were also collected at the
ground surface for comparing the sedimentary properties with
the storm and FFDss and were designated as bl, b2, b3, and
b4 (Figure 1C).

Sedimentology and Loss-on-Ignition

Sediments in the cores were collected at 0.5- to 1-cm intervals
for a layer from the top to the bottom, especially in places
where the distinctive sedimentary structures of the sediments
were observed, such as planar lamination or parallel lamination.

Samples were separated into pairs of subsamples for physical
property analysis.

Physical properties of the sediments, such as composition
(Fritz and Moore, 1988; Rothwell, 1989; Rosenthal et al., 2018),
roundness, and sphericity (Powers, 1953) were observed under
a microscope and photographed. For grain size analysis, the
sediment samples were analyzed using Mastersizer 3000 (Malvern
Instruments Limited, Malvern, United Kingdom). Each 1 cm
interval of the sand sample was put in water. Laser obscuration
was set between 5 and 15%. Before measuring, ultrasound was
used for 10 s to disperse the finer grains surrounding each sand
grain. Each sample was run three times and then averaged. The
average data of each sample were calculated in GRADISTAT
Version 8 (Blott and Pye, 2001) using the logarithmic method of
moment (Folk and Ward, 1957).

Various statistical parameters, including the mean grain size,
sorting, skewness, and kurtosis, were calculated. Mean grain
size can be used to identify the type of sediment according to
the Wentworth scale (Wentworth, 1922). Sorting was used to
measure the distribution of grain sizes from the mean. Skewness
refers to the asymmetry of a given frequency distribution, in
which a positive value specifies a coarse-dominated sample,
whereas a negative value indicates a fine-dominated sample
(Folk and Ward, 1957). Kurtosis indicates the concentration
of grains relative to the average (Blott and Pye, 2001). It is
similar to standard deviation in that high values indicate well-
sorted distributions, while low values indicate a poor distribution
(Cadigan, 1961). Also, a high kurtosis tends to match normal
(mesokurtic) to very highly peaked distribution curves, while a
low kurtosis indicates flattened distribution curves (platykurtic).

The LOI was used to determine the organic and carbonate
contents. For the LOI analysis, samples were dried and then
grounded by hand to a homogenous texture. Then, 1 g of
each sample was weighed and prepared in crucibles. A high-
temperature furnace (Nabertherm® muffle furnace LE 6/11)
heated the samples according to the protocol for LOI (Heiri et al.,
2001). The OM content was measured first by heating at 550°C
for 4 h, and then reweighing. After that, the same samples were
heated at 950°C for 1 h and then reweighed to determine their
carbonate content. Results are presented vertically from top to
bottom (Figures 4-6).

Optically Stimulated Luminescence

Dating

Three lines of OSL sampling points were aligned on the barrier
perpendicular to the shoreline (Figure 1C). All OSL samples
were collected at 50 cm depth using protected-light plastic tubes
for equivalent dose samples (De), except for ST8-1, which was
collected at 30 cm depth. About 290 g of annual rate dose samples
surrounding the equivalent dose samples were collected in plastic
bags. The first line consisted of three OSL samples (ST1, ST2,
and ST3), as did the second (ST4, ST5, and ST6) and third (ST7,
ST8, and ST8-1) lines. The OSL samples of ST8 and ST8-1 were
collected in the same profile but at different depths. Note that the
positions of three OSL samples (ST4, ST5, and ST6) are consistent
with the positions of cores VN1, VN2, and VN3, respectively. The
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remaining OSL samples from nearby locations were collected in
order to cross-check.

A small amount of each dose rate sample was separated to
measure its water content by weighing before and after drying
at 105°C. Another part was dried in the oven and sieved
through an 841-um sieve (mesh 20) pan. The amount of the
dose rate sample in the pan was weighed (290 g) and packed
in a suitable container for at least 1 month. Later, the natural
radioisotope concentration was measured using high-resolution
gamma spectrometry (Canberra).

For D, determination, sample preparation was done in a
room with subdued red light (to avoid light exposure) at the
Sedimentological Lab, Chulalongkorn University. The sediments
were wet-sieved and cleaned through a 125-pm sieve (mesh

120) and a 180-pm sieve (mesh 80) to obtain a sand fraction in
the range of 125-180 pm. To remove carbonates, the samples
were then treated in 10% (v/v) HCL until the chemical reaction
(bubbles) ended and subsequently rinsed three times with clean
water. To eliminate organic matter, the samples were treated
with 30% (v/v) H,O; overnight, rinsed three times with clean
water, etched by 40% (v/v) HF for 60 min to dissolve feldspar
minerals, and then cleaned and rinsed three times with clean
water. The D, samples were dried in the oven at 40°C for 48 h
and packed in sunlight-proof containers. Subsequently, an iso-
dynamic magnetic separator was applied to the dried-aliquot
samples to remove ferro-minerals.

The derived quartz grains were placed on stainless steel
discs of 10 mm diameter coated with silicon oil (2 mm
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FIGURE 4 | Stratigraphy of core VN1 with vertically plotted grain size parameters (mean, sorting, skewness, and kurtosis) and LOI (organic and carbonate contents)
showing the unit of the storm and FF layers. Storm layers in Units Il, IV, and VI mostly exhibited the set of normal and reverse grading with relatively low organic and
carbonate contents, whereas the FF layer of Units Ill and V showed high organic and carbonate contents at 33—41-cm and 67-84-cm depths, respectively.

stamps). The luminescence of the samples was measured using
a Riso TL/OSL-DA-15C/D reader equipped with an internal
908r/°0Y beta source (ca.0.102 Gys_l) and a bialkali EMI
photomultiplier. Blue diodes emitting at 470 nm and 7.5-
mm-thick Hoya U-340 filters were used for the measurement.
A single-aliquot regenerative dose protocol with three dose
points was applied to all samples (Murray and Wintle, 2000).
Before measuring, a preheat plateau test was run to identify
the most suitable preheat setting (220°C for 10 s prior to all
OSL measurements).

For D. determination, between 40 and 54 aliquots were
measured per sample and analyzed using the Analyst.V4.31.7
software. An individual D, value was accepted under the criteria
of recuperation < 5%, recycling ratio within 10%, test dose
error < 10%, IR depletion ratio within 10% of unity, the adequate
fit of the growth curve, and enclosure of D, by regenerative doses.
Between 1 and 10 aliquots had to be rejected per sample for
not meeting one or more of these criteria. The mean D, was
calculated either using the Central Age Model or the Minimum
Age Model (MAM) (Galbraith et al., 1999). The MAM was
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FIGURE 5 | Stratigraphy of core VN2 with vertically plotted grain size parameters (mean, sorting, skewness, and kurtosis) and LOI (organic and carbonate contents)
showing the unit of the storm and FF layers. Storm layers in Units Il, IV, VI, and VII mostly exhibited the set of normal and reverse grading with relatively low organic
and carbonate contents, whereas Unit V was interpreted as the FF layer and showed high organic and carbonate contents at a 110-127-cm depth.

applied when the D, distribution showed overdispersion >0.25
and positive skewness. The dose rate and age were determined
using the ADELEv2017 software (Degering and Degering, 2020)
using the measured sediment moisture (£ 10%) and calculating
the cosmic dose rate according to Prescott and Hutton (1994).

RESULTS

Sediment Characteristics of Modern

Beach Deposits

The recent beach samples bl and b4 (see Figure 1C for
location) were collected to examine the shore-normal processes.
These were classified as coarse-grained sand (0.73 and 0.92 phi,

respectively), while the mean grain sizes of b2 and b3 indicate
a medium-grained sand composition (1.50 and 1.16 phi,
respectively). Sorting values of all shore-normal process samples
(b1, b2, b3, and b4) were slightly different (Supplementary
Table 1), where bl was a moderately sorted sand (0.74 phi),
b2 was a well-sorted sand (0.46 phi), and b3 and b4 were
moderately well-sorted sand (0.52 and 0.64 phi, respectively).
The skewness of bl was —0.23 phi, which is very coarse
skewed. Samples b2 and b3 were 0.27 and 0.22 phi, respectively,
which identifies them as fine skewed. Sample b4 had a phi
value of —0.05, which is nearly symmetrical. Kurtosis values
of the shore-normal process samples bl, b2, b3, and b4 were
2.99, 2.38, 2.80, and 2.98 phi, respectively, which are all very
leptokurtic. Organic (0.23-0.86%) and carbonate (0.44-0.69%)
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showing the unit of the storm and FF layers. Storm layers in Units Il, IV, VI, and VII mostly exhibited the sets of normal and reverse grading with relatively low organic
and carbonate contents, whereas the FF layer of Units Ill and V showed high organic and carbonate contents at 32-34-cm and 123-130-cm depths, respectively.

contents were relatively low and varied little across the four
samples (Supplementary Table 1).

Shore-normal process sediment samples bl, b2, b3, and
b4 were composed of quartz, rock fragments, heavy minerals,
fragmented shells, and microfossils (such as foraminifera). No
ostracods were found in the recent beach samples. Quartz
is the major component, forming up to 96% of the samples
(Supplementary Table 1). Rock fragments, shell fragments, and
marine microfossil contents were all relatively low, at around
1% (w/w) each. The number of foraminifera was low too. At
least three species of foraminifera were present in each sample,
mainly Quinqueloculina auberiana and Cellanthus craticulatus.
The sphericity of these samples was relatively similar, with bl
and b3 being characterized as high sphericity, while b2 and

b4 were characterized as low sphericity. Roundness was also
similar across all the samples, with subangular, subrounded,
and rounded grains.

Stratigraphical Correlations

The three percussion cores (VN1, VN2, and VN3) collected
from the Hoa Duan barrier were used to establish lithological
correlations with reference to the stratigraphy, lithology, color,
sedimentary structures, type of sediment, grain size, grading,
and percentage of organic, carbonate, and microfossil contents
(Figure 3). Core VNI, taken from the seaward side behind a
sandy ridge about 100 m from the sea, was 147-cm long, whereas
VN2, the longest core (200 cm), was taken from the center of
the barrier, around 50 m from VN1 and provided the clearest
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picture of several events in the Hoa Duan area. Core VN3
(162-cm long) was taken from the landward side of the barrier,
adjacent to the lagoon.

Following stratigraphic correlation, deposition in Hoa Duan
can be divided into seven units as follows (Figure 3): Unit I:
sandy topsoil; Unit II: storm layer; Unit III: FF; Unit IV: storm
layer; Unit V: FF; Unit VI: storm layer, and Unit VII: storm layer.
A more detailed description is given below. The composition,
LOI roundness, sphericity data, and the values of the statistical
parameters (mean, sorting, skewness, and kurtosis) are presented
in Supplementary Table 1.

Interpretation and Characteristics of

Each Unit From Cores

Unit I: Sandy Topsoil

The sandy topsoil of each core was limited by a black organic
sand layer of 0-9 cm (Figures 3-6), with a gradational contact
at 9 cm in VN2 and at 8 cm in VN3, respectively. Internal
structures, such as normal and reverse grading, were present
in VN2. The thickness of the sandy topsoil in VN1, VN2, and
VN3 was 7, 8, and 7 cm, respectively. The mean grain size
of the sandy topsoil was between 1.47 and 2.89 phi, classified
as medium- to fine-grained sand. This layer was moderate to
poorly sorted, from 0.92 to 1.60 phi, and the skewness varied
between —0.74 and 1.60 phi. All samples were very fined skewed,
except for two samples in VN1, one of which was very coarse
skewed (—0.74 phi), and the other was finely skewed (0.24
phi). Kurtosis of Unit I ranged from 2.09 to 5.10 phi, and so
was very to extremely leptokurtic. The organic and carbonated
content of this unit ranged from 0.67 to 6.68% and 0.01 to
0.24%, respectively.

Unit I (Sandy topsoil) is the uppermost layer, and so was
regarded as the most recent. This topsoil layer was comprised
of quartz, rock fragments, and heavy minerals covered with
the remains of leaf litter. There were no bioclasts, such as
fragmented shells, marine fossils, or microfossils (foraminifera
and ostracods) in this unit. Quartz was the main component,
accounting for up to 97%, with rock fragments and heavy
minerals, making up the remaining 1 to 3%. Most samples had
a low to high sphericity, except for one from VN3, which showed
low sphericity. Roundness ranged from angular to well-rounded
grains, except for VN1, which did not have rounded or well-
rounded grains.

Unit ll: Storm Layer

This layer mainly consisted of quartz, bioclasts (fragmented
shells, foraminifera, and ostracods), rock fragments, and heavy
minerals. Quartz was still the main component of this unit,
similar to Unit I, with up to 90% quartz, while 1 to 5% of
bioclast was present and was classified as several species of
foraminifera in high concentrations (~2,335 counts) with a low
number of ostracods (~41 counts). Bivalves and gastropods were
also observed in this unit. Rock fragments and heavy minerals
accounted for 1 to 2%. The sphericity ranged from low to high,
with low sphericity in VN2 and VN3 and no high sphericity
in VN1. Roundness ranged from very angular to well-rounded
grains, the majority of which were angular to subrounded. Very

angular grains were present in VN2 and VN3, while well-rounded
grains were only found in VN2.

A layer of light brown to orange sand was observed at 8- to
33-cm depth in VNI, 9-59 ¢cm in VN2, and 8-32 c¢cm in VN3
(Figures 3-6). The thicknesses of these layers in VN1, VN2, and
VN3 were 25, 50, and 26 cm, respectively. In VN1 and VN3, this
layer contained a cobble-sized MRC at 26- to 27-cm depth and
23- to 25-cm depth, respectively. Mud laminae were present in
VN2 at 30- to 46-cm depth. Cross and parallel lamination with
fragmented shells was found in VN1, VN2, and VN3 at 16-30,
19-23,and 18-29 cm, respectively. Note that VN1 seemed to have
two mud layers at 22- to 23-cm and 33- to 42-cm depth, but,
actually, the top mud layer was part of the eroded mud layer of
Unit ITI (Figure 3). The contacts of this layer with the topsoil layer
above were gradational. Sharp erosional contacts with the mud
layer below were found at the base of Unit II. The mean grain
sizes in this unit ranged from 0.96 to 3.32 phi, indicating medium
to fine to very fine sand. This unit was poorly sorted, moderately
sorted, and moderately well sorted, ranging from 0.66 to 1.40 phi.
Grain size distributions were very fine skewed, fine skewed, near
symmetrical, coarse skewed, and very coarse skewed, ranging
between —0.53 and 2.07 phi. Kurtosis was between 1.83 and 10.63
phi, and so very to extremely leptokurtic. Organic and carbonate
contents were 0.32-1.92 and 0.01-1.33%, respectively.

Unit lll: FF

A dark brown mud layer was observed at a depth of 33-41 cm
in VN1 and 32-34 cm in VN3 (Figures 3, 4, 6, 7), but was
not present in VN2. The layer was 8- and 2-cm thick in VN1
and VN3, respectively. Its sedimentary structures were limited to
sharp erosional contacts between the coarser-grained sediments
of Units II and IV. Although this layer mainly contained mud
throughout its entire thickness and could be visually classified,
some small parts of this layer, especially at the top of the layer,
were composed of sand. The sandy sediment was comprised
of quartz, rock fragments, and heavy minerals, at 94-97, 2-5,
and 1%, respectively. The sphericity was low to high, and the
roundness ranged from angular to rounded. Mean grain sizes of
this sand were between 3.1 and 3.71 phi, indicating very fine sand.
Sorting values varied between 0.73 and 1.15 phi, indicating poorly
sorted and moderately sorted sand. Skewness ranged from -1.26
to -0.6 phi, showing very coarse-skewed distributions, while the
Kurtosis ranged from 2.10 to 3.59 phi, reflecting very to extremely
leptokurtic distributions. The organic and carbonate content of
this unit varied from 0.35-5.49 to 0.05-1.41%, respectively.

Unit IV: Storm Layer
The unit was comprised of quartz, bioclasts, rock fragments,
and heavy minerals, which accounted for 94-98, 0-2, 1-2, and
1-2%, respectively. Marine fossils (bivalves and gastropod) and
microfossils (foraminifera and ostracods) were also found in
this unit. The sphericity of this unit covered the whole range
(low and high sphericity), as did its roundness (very angular to
well-rounded grains).

A dark to light brown sand layer was present at a depth of
41-67 cm in VN1, 59-110 cm in VN2, and 34-123 cm in VN3
(Figures 3-6), and was characterized as fine- to coarse-grained
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FIGURE 7 | Close-up of the internal sedimentary structures of storm deposits and FFDs from cores VN1, VN2, and VN3. In core VN1, a dark-brown mud layer with
basal sharp contact was observed at 41-cm depth and parallel lamination of medium-fine sand with fragmented shells at 42-57-cm depth. In core VN2, a light-gray
mud layer with basal sharp contact at 127-cm depth was deposited on a very fine sand layer. Then, medium sand with a sharp erosional top contact with a very fine
sand layer was observed at a 133-cm depth. In core VN3, very-fine-to-medium sand with basal sharp contact and parallel lamination was observed at 115-118-cm
depth plus an MRC at 121-cm depth, and then a light-gray mud with basal sharp contact deposited on a dark-gray color with medium-grained sand.

sand. The thicknesses of this layer in VN1, VN2, and VN3 were
26, 51, and 89 cm, respectively. The sedimentary structures inside
consisted of parallel and incline lamination with fragmented
shells at 42-57-cm depth in VN1 (Figure 7), 92-97 cm in VN2,
and 43- 52-, 70- 80-, and 100-122-cm depth in VN3. Moreover,
a plastic bag fragment was recognized in VN2 at 63-cm depth.
A pebble-sized MRC was visually identifiable at the base of this
sand layer in VN3 at 122-cm depth with sharp erosional contacts.

Internal structures, such as coarsening and upward finning,
were also observed. Mean grain sizes ranged from 0.64 to 3.30
phi, indicating coarse, medium, fine, and very fine sand. Sorting
values were between 0.60 and 1.62 phi, in the range of poorly,
moderately, and moderately well-sorted sand. Distributions were
very coarse skewed, fine skewed, very fine skewed, and near
symmetrical, ranging between -0.38 and 2.24 phi. Kurtosis varied
between 1.81 and 10.97 phi. Organic and carbonate contents

were relatively low, varying from 0.20 to 1.54% and 0.01 to
1.15%, respectively.

Unit V: FF

A dark-brown to dark-gray mud layer was found at 67-85-cm
depth in VNI, 110-127 cm in VN2, and 122-130 ¢cm in VN3
(Figures 3-7). The thicknesses of this layer in VN1, VN2, and
VN3 were 18, 17, and 8 cm, respectively. It had sharp erosional
contacts with the sand layers, both above and below.

This layer was similar to the layer of Unit III, which was
mainly contained mud throughout, but some small part of this
layer, especially at the top, was composed of sand. The sand
contained quartz, rock fragments, and heavy minerals, at 96-97,
2-3, and 2%, respectively. The sphericity was low, and the
roundness varied from very angular to subrounded grains. Mean
grain sizes were between 3.32 and 3.39 phi, indicating very fine
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sand. Sorting values ranged from 0.85 to 1.67 phi, indicating
poorly and moderately sorted sand. Skewness ranged from -
0.51 to 0.96 phi, indicating very fine-skewed and very coarse-
skewed distributions. Kurtosis ranged from 2.16 to 3.98 phi,
indicating very to extremely leptokurtic distributions. Organic
and carbonate concentrations were relatively high, ranging from
2.27 t0 22.51% and 0.45 to 2.14%, respectively.

Unit VI: Storm Layer

The unit was composed of quartz, bioclasts, rock fragments, and
heavy minerals. The sphericity of this layer was low to high. There
were only three samples in VN2 with low sphericity. All classes of
roundness were present, but the majority of samples were in the
subangular to the subrounded range.

This unit was colorful, especially in VNI, with orange,
brown, white, and gray shades. It was recognized only
in VNI (85-147cm) and VN2 (127-133 cm), respectively
(Figures 3-5, 7), and did not appear in VN3. The thickness of
the layer was 61 cm in VN1 and 6 cm in VN2, and so likely
got thinner and finer landwards. Sedimentary structures were
striking inclined laminations and could be observed throughout
the unit, especially in VNI. The sharp erosional top contact with
the muddy layer of Unit V was observed in VN1 and VN2,
while a sharp bottom contact (in grain size) with a coarser sand
layer was found in VN2. Mean grain size ranged from 1.76 to
3.55 phi, indicating medium, fine, and very fine sand. Sorting
values were between 0.54 and 1.47 phi, indicating moderately
sorted, moderately well-sorted, and poorly sorted sand. Skewness
varied between -0.71 and 1.44 phi, indicating very coarse-
skewed, coarse-skewed, near-symmetrical, fine-skewed, and very
fine-skewed distributions. Kurtosis was between 1.78 and 6.13
phi, in the range of very and highly leptokurtic distributions.
Organic and carbonate contents varied from 0.09-3.89 to 0.02-
1.12%, respectively.

Unit VII: Storm Layer

The layer was composed of quartz, bioclasts, rock fragments, and
heavy minerals. Its sphericity covered the whole range, from low
to high. However, most samples had low sphericity. Roundness
ranged from angular to well-rounded, but most samples had
angular to subrounded grains.

Predominantly dark- to light-gray sand was observed in VN2
and VN3 at a depth of 136-200 cm and 130-162 cm, respectively.
A small part of this unit was orange to light-gray sand, as
observed at the top in VN2 (Figure 7). The thicknesses of the unit
were 55 cm in VN2 and 33 cm in VN3, respectively. A pebble-
sized MRC was present in VN2 at 158- to 161-cm depth, together
with an oyster valve. The contacts of this layer were a sharp
erosional top with very fine sand in VN2 and a muddy layer in
VN3. Mean grain sizes were between 0.69 and 3.20 phi, indicating
coarse to very fine sand. Sorting values ranged from 0.55 to 2.34
phi, indicating poorly sorted, moderately sorted, and moderately
well-sorted sand. Skewness was —0.53 to 2.70 phi, ranging
through very coarse-skewed, coarse-skewed, near-symmetrical,
fine-skewed, and very fine-skewed distributions. Kurtosis varied
from 2.17 to 17.58 phi, including very and extremely leptokurtic
distributions. Organic and carbonate contents ranged from 0.21

to 2.58 and 0.01 to 0.63%, respectively. Moreover, four samples
of the mud ball found in VN2 were sedimentologically analyzed.
Their mean grain size ranged between 3.75 and 5.8 phi, indicating
very fine sand and medium silt. Sorting values ranged from
1.77 to 2.62 phi, reflecting poorly sorted and very poorly sorted
sand. Skewness ranged from —0.26 to —0.97 phi, indicating fine-
skewed, coarse-skewed, and very coarse-skewed distributions.
Kurtosis ranged from 1.65 to 4.96 phi, including very and
extremely leptokurtic distributions.

Comparison of Grain Size Distribution

Curves

Comparisons of the grain size distribution curves of the shore-
normal beach sediment and each unit found in Hoa Duan
stratigraphy are presented in Figure 8. The comparative graphs
of the grain size distribution curves indicated different sources
from which the sediment was transported to each environmental
zone. Grain size curves of the recent beach sediment clearly
showed a unimodal distribution in the range of coarse to
medium sand. Grain size distributions of topsoil sediments were
unimodal and bimodal. The distribution of grain size curves in
all samples of storm sediment (Units II, VI, and VII) and fluvial
sediments (Units III and V) displayed unimodal distributions.
A comparison of the grain size distribution of the shore-normal
beach and other units is discussed in see section “Age of
Depositional Events.”

Optically Stimulated Luminescence

Dating

The studied samples showed relatively bright OSL signals and
excellent performance during the SAR protocol (Figures 9A,B).
However, for three samples, the level of the natural OSL signal
was too low to allow for a precise determination of the age. For
these samples, we received mean D, values of 0.02 = 0.01 Gy
(ST1), 0.03 = 0.02 Gy (ST4), and 0.04 + 0.02 Gy (ST5), with
associated uncertainties of 50% or more. Hence, we regard these
samples to be of “modern” (close to zero) age. Considering the
dose rates observed, the age can securely be attributed to being
younger than 100 years. For core VN1 and VN3, the OSL samples
(ST4 and ST6) were collected at the storm layer of Unit IV, which
provided an age of modern and 130 = 10 yr, respectively. In core
VN2, the OSL sample (ST5) was collected from the storm layer
of Unit II, and has a modern age (Figures 2E, 3). For all the
other samples, ages range between 130 & 10 and 520 =+ 25 years
(Table 1). The implications of this are discussed in see section
“Dynamic and Evolution of the Hoa Duan Sand Barrier.”

DISCUSSION

Identification of Storm Deposits

Units II, IV, VI, and VII were classified as storm layers as
they contained typical sedimentary structures: sharp top and
bottom contacts, MRCs, laminated and inclined laminated sand,
and marine fossils, and microfossils. For example, the presence
of MRCs in Unit IT of VN1 and VN3 (Figure 3) was very
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clear evidence of intense wave energy during storms. Building
erosional traces on the preexisting surface (Unit III) by forming
observable erosional contacts and pebble-sized MRC at the base
of Unit IT cannot be formed by normal waves during fair weather.
Although the distance between core VNI and the present sea
level (psl) is relatively short (approximately 120 m), the relatively
high ridge crest (2.5-m amtl) would serve as a buffer to protect
the site from wave flooding during a high tide (0.4-m amtl) and
monsoon waves (Figure 2E). As the field work was conducted just
after the typhoon season, erosional marks were observed, such
as beach scarps along the coastline at 1-m amtl (Figures 2A,B).
Annual monsoon waves were certainly unable to top the crest

of the barrier ridge (Dastgheib et al., 2016; Thuy et al., 2017).
Therefore, wave processes topping the ridge crest from high
tide and monsoon waves can be ruled out. Waves generated by
typhoons are much stronger than the usual fair-weather waves.
These waves are strong and high enough to top the barrier ridge
and deposit on its landward side.

The parallel-laminated, inclined-laminated sand, and
normal and reverse grading found in Units II, IV, and VI
(Figures 3, 7) are additional important evidence of storms,
similar to previous studies (Leatherman and Williams, 1983;
Sedgwick and Davis, 2003; Phantuwongraj et al., 2013; Kongsen
et al, 2021). However, although foreset bedding, which is

Frontiers in Ecology and Evolution | www.frontiersin.org

November 2021 | Volume 9 | Article 746143


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Kongsen et al.

Storm Versus Flooding Along Vietnam Coast

400 ) 45
—— Natural
—— 1 Gy irradiation r 40
300 - 2 | F35
o8 E Mean CAM D, L 30
5 I =0.0240.01 Gy o
4 1 t25 &
= 208y Natural signal &
% atural signal L 20 g
@ D, = 0.030.02 GK ¢
d 15
o 0
100 ° L 2
Dose (Gy) r 10
5
0 T T T T T T T T 0
00 02 04 06 08 10 12 14
800
3 i B
— Natural e kel 35
—— 1 Gy irradiation g
I—HM r 30
600 - 2 18
— 5 o+
T s o r25
S = | >
8 400 4 1 t' Mean MAM D I 20 g
] =0.32+0.02 Gy E
k) Natural signal H 15 ©
o D,=0.31:0.02Gy | v
7} 6
o 0 Fe Liss
200 - 0 1 2 r
Dose (Gy) ﬁ
ol
:'::1 I5
. D
0 T T T T T T T T T T T T T 0
0 10 20 30 40 50 60 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Stimulation time (s) Dose (Gy)
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distribution plots of (C) the modern and (D) the older example. For the latter, the positively skewed spread and high overdispersion of the De values call for the
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often recognized in storm deposits (Nanayama et al.,, 2000;
Phantuwongraj et al., 2013; Kongsen et al., 2021), was not
observed in the storm deposit of this area, the presence of
laminated sand indicates wave pulses that carried sediments that
were then deposited after the dissipation of each pulse.

Slope wash and mass wasting can be eliminated from the range
of the sedimentation processes in this area because the elevation
and the degree of the slopes of the Hoa Duan barrier are too low
to slide or slump landwards during heavy rainfall. Based on cross-
section topography (Figure 2E), the highest point of the barrier
crest was approximately 2.5 m, while the topographic heights of
core positions VN1, VN2, and VN3 were approximately 0.9, 0.5,
and 0.2 m, respectively. When considering the height and slope
degree between the barrier crest and core positions, slumping and
sliding of the sand mass should occur around the seaward area
(from ridge crest to beach), but not in the area behind the crest. If
the sand mass had slumped and/or slid landwards in the location
of the cores, the stratigraphy discovered in the Hoa Duan area
would contain a sharp contact without erosional contact between
the preexisting layer surface and the overlaid sand mass with

a difference in sand color (black and orange), but this kind of
stratigraphy was not found here.

Furthermore, the sand layers are unlikely to have been formed
by a tsunami. Although there are reports of prehistorical tsunami
deposits preserved in the Dien Chau district (Figure 1A), about
420 km northwest of Hoa Duan (Rogozhin, 2016; Trieu et al.,
2017), the preservation potential for prehistorical tsunamis may
not be possible at this study site because the topographic
condition was different from that reported at Hoa Duan.
Rogozhin (2016) observed a sand layer with mollusk shells, with
their fragments deposited 200 m from the recent shoreline on
a coastal sand dune at 10-15 m above the (a)psl, indicating the
occurrence of a tsunami deposit in Dien Chau approximately
650 years ago. Trieu et al. (2017) deduced three paleotsunami
events at Dien Chau dating to 4,500-4,300, 4,100-3,900, and
900-600 years ago by abundantly discovering mounds of marine
fossils of Arca granosa mixed with Placuna placenta near the
mountain side at an elevation of 5-10 m. The marine fossils
were discovered on the coastal plain at a distance of 2 and
7 km from the present shoreline. However, the average height
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TABLE 1 | Summary data of OSL dating with the concentration of dose-relevant elements (K, Th, and U), measured sediment moisture, total dose rate (D), observed
overdispersion, the applied age model (CAM = central age model; MAM = minimum age model), mean De, and resulting age.

Sample K (%) Th (ppm) U (ppm) Water (%) D (Gy/ka~ 1) n od (%) Model De OSL (Gy) Age (yr)
STH 0.15 £ 0.01 1.01 £0.02 0.43 + 0.01 41 0.50 + 0.02 55/44 0.68 CAM 0.02 + 0.01 Modern
ST2 0.33+0.10 1.19+0.02 0.31 4+ 0.01 7.2 0.63 4+ 0.04 40/36 0.22 CAM 0.33 + 0.01 520 + 25
ST3 0.49 4+ 0.01 2.38 4+ 0.04 0.65 4+ 0.01 9.3 0.91+£0.13 40/36 0.42 MAM 0.32 +£ 0.02 350 + 25
ST4* 0.15 £ 0.01 1.11 £0.02 0.44 + 0.01 3.1 0.51 £ 0.17 40/34 0.69 MAM 0.08 + 0.02 Modern
ST5* 0.183 +£0.01 1.08 + 0.02 0.40 4+ 0.01 3.0 0.47 +£0.20 40/34 0.70 MAM 0.04 +0.02 Modern
ST6* 0.42 4+ 0.01 1.46 + 0.03 0.44 4+ 0.01 5.9 0.77 £0.07 42/41 0.15 CAM 0.10 4+ 0.01 130 + 10
ST7 0.35 £ 0.01 2.44 +0.04 0.79 + 0.01 17.2 0.78 £ 0.14 42/40 0.47 MAM 0.27 £ 0.04 350 + 50
ST8 0.36 &+ 0.01 1.34 +0.03 0.49 4+ 0.01 141 0.67 + 0.11 44/41 0.58 MAM 0.20 4+ 0.08 300 + 50
ST8-1 0.34 +0.01 1.40 +0.03 0.47 £ 0.01 141 0.66 + 0.06 44/40 0.37 MAM 0.22 4+ 0.02 340 + 60

*OSL samples associated with coring and pitting (ST4 = VN1, ST5 = VN2, and ST6 = VIN3). D, dose rate; n, used number of aliquots per accepted number of aliquots;
od, over dispersion; and De, equivalent dose of OSL. Ages rounded to 5 years and water content = &+ 10%. Modern indicates ages of not more than few decades.

of topography behind the sandy ridge on the barrier island here
is 0.8-m apsl. Such a height is too low to preserve the ancient
tsunami sediments compared with the well-preserved one on
the sand dune at 10 to 15 m apsl (Rogozhin, 2016) and on the
coastal plain at 5 to 10 m apsl (Trieu et al., 2017). Therefore, the
topography here may not be suitable for preserving prehistoric
tsunamis due to its exposure to floods and storm surges that can
erode and sweep away prior to tsunami sediments. Furthermore,
we did not find any evidence of those marine species reported in
the Hoa Duan barrier (Trieu et al., 2017).

The tsunamigenic earthquake that occurred on January 5 1992
near the center of Tonkin Bay (Figure 1A) is regarded as the
closest event to Thua Thien Hue, Hoa Duan. The estimated
magnitude of the earthquake that triggered this tsunami was
approximately 3.7, generating a 0.8-m-high wave and causing no
causalities (Nguyen et al., 2012). There is no record of tsunami
floods affecting inland central Vietnam. However, although there
was a flooding of the tsunami on January 5, 1992, in the coastal
areas of central Vietnam, Hoa Duan was probably not affected
because the relatively low wave height (0.8 m) would not have
been able to top the 2-m barrier crest. Moreover, investigations
of satellite images using the Google Earth Timelapse can confirm
that there was no geomorphological change in both the Thuan
An and Hoa Duan areas during 1991-1993.

Identification of FF Deposits

Units III and V were classified as layers deposited by fluvial
floods. The unique sedimentary structures found in the Hoa
Duan area only consisted of sharp and erosional contacts
(Figure 7). Although these sedimentary structures were similar
to the storm deposits (sharp erosional contacts), and some
literature did not mention the sharp erosional contact that
was created by the FFDs (e.g., Nanayama et al., 2000; Khan
et al., 2013; Matsumoto et al., 2016; Yao et al., 2019), the
different colors and sediment types are shown in the lithology
are very clear, indicating transported sediments. Basically,
the sediment color in each environmental zone is different.
For example, in the Hoa Duan stratigraphy, orange indicates
beach processes in the barrier sand, similar to the color
of the beach that we observed. The water table makes the

sand color different due to redox reactions. Therefore, dark-
brown mud, which contains a minority amount of sand
(Units III and V) in the Hoa Duan stratigraphy must have
been deposited by transport processes that were not shore-
normal.

In addition to the sand color variations in the barrier
deposition, the sediment types in the stratigraphy were clearly
different themselves. That is to say, based on sediment settlement,
coarse-grained sediment (sand and gravel) reflects high-energy
deposition conditions, indicating transportation media, such as
waves, streams, and currents. Therefore, coarse-grained sediment
is common and consistent with barrier formation here, where
waves and the tide play a role. In contrast, fine-grained deposits
(silt and clay) reflect low-energy sedimentation processes, which
are often naturally occurring under still water environments, such
as lakes, lagoons, and swamps (Liu, 2004).

In this research, although the Thanh Lam lagoon is located at
the back of the Hoa Duan barrier (Figures 1B,C), the deposition
of fine-grained sediments by the fluctuation of the lagoon water
is impossible and can be ruled out. Because the elevation between
the barrier and lagoon is different, especially compared to the
fine-grained sediment layer of Units III and V to the lagoon
floor level (Figures 2E, 3), the flow velocity of the lagoon water
is relatively low. Apart from fine-grained deposits that existed
in the low-energy environment, they are the main suspended
materials that were carried in the water column of the fluvial
process (Owens et al., 2005).

However, the sediment influx of a river discharge would be
mostly constrained in the lagoon area and drained to the open
sea through the Thuan An inlet (Figure 1B). The flow velocity
of the flood in November 1999 in the Thuan An inlet and
the lagoon has been recently computed (Lam et al., 2007). The
maximum flow velocity of Thuan An inlet and lagoon during
the flood in November 1999 was 3.7 m/s and approximately
2.7 m/s, respectively, whereas the flow velocity in the normal
situation fluctuated between 0 and 0.5 m/s. Moreover, flooding
in November 1999 inundated the Hoa Duan barrier (Lam et al.,
2007). The existence of a muddy layer in the Hoa Duan barrier
and a high concentration of coarse-grained sediment indicate
an anomalous process that could transport these fine-grained
sediments seawards and deposited here under a calm water
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circumstance. Thus, considering the boundary between the
present river, lagoon, and Hoa Duan barrier, the FFs are the only
reasonable candidates for the origin of fine-grained deposits.

The LOI results helped to confirm FFs as the source of these
two layers (Units III and V), which contained high percentages of
organic and carbonate matter, markedly different from the topsoil
and storm deposits (Figures 4-6 and Supplementary Table 1).
For instance, the ranges of organic and carbonate contents of Unit
V of VN2 were 2.27-25.51 and 0.45-2.12%, respectively, while
the ranges of organic and carbonate contents of the topsoil, storm
deposits, and beach sediments were 1-6.68% and 0.07-0.24, 0.21-
2.58, and 0.02-0.63, and 0.2-0.8% and 0.4-0.6%, respectively.
In principle, the organic components of sediments can include
plants, animal detritus, cells, tissue, and substances derived from
microbial synthesis (Brady and Weil, 1999).

Despite the coastal ecology of Hoa Duan being a potential
source of these kinds of OM, the LOI supports that the retained
OM content here is low as considered from topsoil sediments.
However, Units III and V were classified as FFDs because
there was no OM source that was higher than the fluvial
origin in this case, which served as the potential source of
the OM. Although they contained a relatively high carbonate
content, there were no marine fossils (bivalves and gastropods) or
microfossils (foraminifera and ostracods). Hence, the carbonate
content of these FFDs was more likely to have been transported
from the lagoon, which has a high-carbonate content (Cooper,
1989; Kontopoulos and Bouzos, 2011; Avramidis et al., 2013)
during flooding seaward compared with the carbonate content
of the shore-normal beach sediments (0.44-0.69%) and storm
layers of the other units (Supplementary Table 1). However,
the carbonate content of the storm layer in Unit II of VN2
(Figure 5) was relatively high at 0.08-1.33%. Clearly, the high
OM content in Unit II of VN2 was associated with the mud
laminae at a depth of 29-44 cm (Figure 5). According to the
absence of the mud layer in Unit IIT of VN2, it can be assumed
that the mud layer (Unit III) had existed before the advent
of the storm and then was eroded by a storm in Unit II and
redeposited as the mud laminae. This assumption is supported by
the existence of cobble-sized MRC in Unit II of Pit 3 (Figure 3),
which indicated the very strong erosion energy of the storm that
formed Unit II. Thus, the formation of a mud layer in Units
III and V by a storm can be ruled out and refuted from the
percentage carbonate content. If the mud layers (mud cap) in
Units III and IV were formed by the still water of a storm,
their carbonate contents between the mud and sand layers can
be correspondent and/or slightly different, not sharply different,
and the contact should be gradational, not sharp erosional
(Figures 4-6).

Flow Behavior of the Storm and FF
Deposits

Based on stratigraphic correlations, the flow mechanisms of
storms and FFDs can be identified (Figures 2E, 3). To begin
with storm deposits, the sedimentary structures involved in Units
VIL, VI, IV, and II are both similar and different. The storm
layers of Units VI, IV, and II show parallel and landward-inclined

lamination. Thinner and finer landward deposits (wedge-shaped
profiles) are found only in the storm layer of Unit VI (VN1
to VN2), while, in Units IV and II, the storm sediment layer
seems to show a thicker landward deposit. The MRCs are only
present in Units VII, IV, and II. Sharp and erosional contact
and normal and reverse grading are presented in every storm
layer. Unit VII of VN2 shows erosional top contact with the
storm layer of Unit VI, whereas Unit VII of VN3 exhibits
sharp erosional contact with overlying fine-grained sediment
of the FF layer (Unit V). Similarly, Unit IV of VNI and
VN3 displays sharp erosional contact with the overlying and
underlying fine-grained sediment of the FF layers (Units V
and III), while Unit VI of VN2 shows erosional top contact
with the storm layer of Unit II. In principle, the deposition of
storm sediments is associated with the wave action generated
from strong winds. As mentioned earlier about the sedimentary
structures of the storm deposit in each unit, the storm impact
scale proposed by Sallenger (2000) has four main regimes (swash,
collision, overwash, and inundation) that can be used to explain
storm deposition. All units of storm deposit discovered in this
paper showed evidence of overwash and inundation regimes
(Sallenger, 2000; Morton and Sallenger, 2003; Masselink and
Heteren, 2014; Goslin and Clemmensen, 2017). The other two
regimes (swash and collision) can be eliminated because they
cannot deposit inland.

Parallel lamination and landward-inclined sand in the internal
structures of multiple sets of normal and reverse grading were
recognized in Units II, IV, and VI (Figures 4-6). This might
indicate the flowing of storm waves and tackling of sediments
by surge pulses in the time of deposition associated with local
topography, shear velocity, and size of sediment (Bridge, 1978,
1984) that developed from an upper flow regime and an upper
plane bed (Allen, 1984; Cheel, 1990; Fielding, 2006). In addition,
MRCs in the storm layer (Units VII, IV, and II) reflect the flowing
of storm waves under shear stress and frictional force, eroding
preexisting layers and redepositing them with clasts of finer-
grained sediment (Williams et al., 2016; Kongsen et al., 2021).

Moreover, thinner and finer landward deposits (wedge-shaped
patterns) are present in Unit VI of VN1 and VN2. This indicates
storm flooding from the direction of the sea under overwash and
inundation regimes (Sallenger, 2000), which forms the continuity
of the storm layers. The landward thinning wedge is generally
thicker in cores taken closer to the sea. Core VN1 (Unit VI),
closest to the sea, contained the thickest layer of storm sediments
with coarser-grain sand, while VN2 (Unit VI) contained a thinner
layer with finer-grained sediment landward as a result of the
diminished energy of storm waves (Liu and Fearn, 1993, 2000a,b;
Liu, 2004). However, there is no wedge shape in the storm layer of
Units IV and II, excluding Unit VII due to the lack of information
on the layer thickness. This can be explained by the topography
before the storm layer of Unit IV was deposited, and the intensity
of the storm at that time. The storm sediment layers in VN3 are
thicker than in VN1 and VN2 (Figure 3). The topography around
VN3 probably caused stronger inundation by storm waves than
at other locations, trapping water and suspended material in
such a way that more of it could settle evenly. Otherwise, the
intensity of the storms depositing Units II and IV was very
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strong until they flooded across all areas of the barrier and
deposited in the lagoon.

The features of Units V and III show they were deposited
by FFs that result from excessive and torrential rainfall at high
altitudes, which drain downstream into coastal lowlands. Units
V and III contained only sharp and erosional contacts with the
storm-deposited sand layers both above and below (Figure 3).
Due to the wide space between the Thanh Lam lagoon and the
Hoa Duan barrier, it can be assumed that, when FFs occurred, the
water column was strong and high enough to propagate across
the lagoon basin. Normally, the sediments of FFs are suspended
material (silt and clay) from terrestrial OM sources (Owens
et al., 2005). These sediments were then combined with lagoon
sediment and water (a source of organic and carbonate content)
under turbulent (Cheel, 1990; Fielding, 2006) and hyperpycnal
flows (Zavala and Pan, 2018), and then transported seawards and
deposited on the sandy barrier. Under these flows, FFs could
have disturbed the bed sediment in the lagoon (silt and clay),
dispersing and suspending them in the flood waters.

However, the continuity of FF layers in Unit III of core VN2
is absent because this layer was eroded and scoured by the storm
flooding of Unit II, as indicated by the MRCs in VN1 and VN3,
and Pits 1 and 3 of Unit IL. If this was the case, the FF layer should
have a wedge-shaped profile getting thicker and finer seaward. It
is possible that fluvial flooding was wider than storm inundation,
propagating to the open sea (not limited to the barrier area) until
it weakened and was calm enough to deposit the fine-grained
sediments as Units IIT and V. Thus, the thickness of the FF during
the deposition layers is dependent on the local topography.

Moreover, some parts of the FFDs include sand-sized
materials, which indicate reworking of preexisting sediment in
the barrier area, redeposited by the flood itself. Although some FF
sedimentation contains sand-grained sediment similar to storm
deposits, geochemical data from LOI indicate a substantial shift
in the organic and carbonate contents toward the overlying and
underlying layers (Figures 4-6). These shifts appear in peaks
between the storm and FFDs, suggesting different flow directions;
that is, storm floods flowed landward, transporting sediments
from the sea, while FFs flowed seawards, carrying terrestrial and
marine (lagoon) sediments.

Relevance of Grain Size Parameters for

Classification

Mean grain size, sorting, skewness, and kurtosis were used
to characterize each unit in the cores (Units I-VII) and
shore-normal process samples (recent beach sediment). These
grain parameters have also been analyzed by others in
sediments from various zones of coastal environments, such
as beaches, dunes, berms, and rivers, which are affected by
significantly different natural dynamic processes (e.g., Folk
and Ward, 1957; Mason and Folk, 1958; Friedman, 1961,
1967; Bagnold, 1963). The scatter plot of the mean grain
size against the sorting showed the differentiation of beach
sediment, storm sediments, and FF sediments quite clearly
(Figure 10). Other plots that demonstrated a trend are presented
in Supplementary Figure 1.

When comparing the mean grain size and sorting (Figure 10),
the recent beach sediments had coarse to medium sand and
were moderate to well-sorted, while the storm sediments had
medium to very fine sand and were moderate to moderately
well sorted, although some parts were poorly sorted. The topsoil
sediment (Unit I) seemed to be distributed in similar patterns
to the storm sediment (Units II, IV, and VII), which implied
that a storm deposited the topsoil. In Units III and V, FFD
sediments had very fine sand and tended to have lower skewness
phi values and higher mean grain size phi values than the storm
sediments (Units II, IV, VI, and VII), shore-normal beach, and
topsoil sediment (Unit I) (Figure 10; Supplementary Figure 1;
Supplementary Table 1).

Comparisons between the grain size distribution curves and
plotted grain size parameters (Figures 9, 10) revealed that the
majority of storm sediments were transported from beaches.
This is based on the mixing and overlapping in the plots,
which is consistent with the grain size distribution curves
of the recent beach sediment. Furthermore, reworking and
redepositing of the preexistent storm layers were also identified
in Unit II of core VN2. It is also possible that both units
were reworked and redeposited during the next storm event
(Williams, 2011). Topsoil sediments had predominantly bimodal
distributions, while storm sediments in Unit II exhibited a
unimodal distribution. However, it is reasonable to assume the
topsoil sediments of Unit I were part of the storm sediments in
Unit II because of their similar grain size distribution curves,
which both indicated medium to fine sand. Thus, the very
fine sand in the topsoil sediment possibly originated from
transportation during rainfall. All of this is also demonstrated
by the similarity in physical properties (composition, roundness,
and sphericity) of storm deposits, topsoil sediments, and recent
beach sediments (Supplementary Table 1).

The comparison of grain size distribution curves (Figure 8)
revealed that there was no finer-grained sediment (silt and clay)
in the recent beach and storm deposits, especially in Units
II, VI, and VI. Note that the grain size distribution curves of
the silt and clay in the storm sediment of Unit VII are the
distribution curves of MRCs. The absence of silt-sized and/or
clay-sized sediments in the storm deposits is common, especially
in surf zones and/or breaker zones, because most grains smaller
than 0.140 mm remain suspended or are washed away by waves
(Friedman, 1967). Usually, fine-grained particles smaller than
0.150 mm (>2.75 phi) influenced by oscillatory water movement
are swept up by waves, dispersed in the water column, and
then transported offshore (Bagnold, 1963; Ingle, 1966). However,
finer-grained sediments in the range of silt and clay were found
in the grain size distribution curves of the FF sediments (Units
III and V; Figure 8). This supports the difference in the grain size
distribution curves between the storm and FF sediments.

Age of Depositional Events

In principle, the Hoa Duan barrier would have accumulated from
the transportation of longshore currents, of which we do not
know the exact age or origin point. Based on the OSL dating
(Table 1; see the location of the sample point in Figure 1C)
of sediments from ST2 at 50-cm depth from the surface, the
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depositional age of the sand barrier can be estimated. Sample
ST2 was the oldest and was deposited around 520 & 25 years
ago, while the OSL dates of the nearby ST3 and ST7 at 50 cm
depth and ST8 and ST8-1 at 30 m and 50 cm depth, respectively,
have ages of 350 £ 25, 350 =+ 50, 340 = 60, and 300 = 50 years,
respectively. We can conclude that the barrier in this area
has been accumulating for a long time, starting earlier than
520 =+ 25 years ago, then stopping somewhere between 350 =+ 50
and 300 & 50 years ago. This assumption matches a historical
French map, which confirms the existence of this barrier and
lagoon in the late seventeenth century (Schweyer, 2018; Tana,
2019). However, it is peculiar that OSL dating of the investigated
transect (ST4, ST5, and ST6) returned ages younger than other
locations: modern, modern, and 130 = 10 yr, respectively, which
is similar to the modern age of ST1 (see the location of the sample
point in Figure 1C). With the difference in the OSL ages in this
area, we discuss more on the issues of the evolution of the barrier
formation, the disastrous events (both storm and FF), and the
historical data in see section “Dynamic and Evolution of the Hoa
Duan Sand Barrier.”

Dynamic and Evolution of the Hoa Duan
Sand Barrier

The closing and opening of the Hoa Duan inlet tended to rework
the sand barrier sediments. The morphological change in the Hoa
Duan barrier was chronologically observed in the Google Earth
Timelapse (Supplementary Figure 2). Based on Lam et al. (2007),
in 1952, the barrier formation here tended to grow gradually from
southeast to northwest direction. The location of the Thuan An
inlet was different and then from its present location because it

was blocked from the sand body of the barrier (Supplementary
Figure 2A). Similarly, comparing the location of the study area
from 1952 to 1999, the shape of the Hoa Duan barrier was
narrower than in the present. The satellite images indicate that
the Hoa Duan barrier (study area) was relatively stable between
1952 and 1999 before a strong FF in November 1999. In 2000, the
satellite image showed the Hoa Duan barrier had been affected by
the FF in November 1999, resulting in a dramatic morphological
change that breached and scoured the sediment of the barrier
seawards, contributing to an ephemeral inlet. After that, the Hoa
Duan barrier recovered during 2000-2003.

In terms of the recovery process, the observable recovery
of the Hoa Duan barrier was relatively rapid, being filled up
with sand materials within 3 years after the destructive flood
of November 1999. Before the flood, the Hoa Duan barrier was
a stable barrier formation with sediment accumulation in the
northwest direction, as shown in Supplementary Figure 2A.
After the flood in November 1999, breaching of the Hoa Duan
barrier until lit became an ephemeral inlet (Hoa Duan inlet),
which created the large accommodation space suitable for the
rapid rate of deposition (Choowong et al., 2009) by trapping the
sediment materials of the northwestward longshore current and
depositing it laterally and vertically within the Hoa Duan inlet.
Later, the closing of the Hoa Duan inlet occurred in 2001, and the
rate of the deposition then seems to have decreased from 2001 to
2003 due to the reduction of accommodation space, whereas the
beach zone remained stable. In 2003, the accommodation space
greatly decreased and the barrier formation almost returned to
the normal state, but the shape of the barrier had become wider
than it was in 1999 before the flood event. The Hoa Duan barrier
has remained stable until the present day.
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There have been 37 tropical storms and 26 typhoons recorded
in central Vietnam from 1951 to 2019 (Supplementary Table 2),
and so it is possible that increasing barrier sedimentation, as
observed from the crest of the barrier height up to 2-m amtl
(Figure 2E), might have been generated from storm waves
that created the upward deposition of sediments (Otvos, 2000;
Snedden et al., 2011; Nott, 2015; Tamura et al.,, 2017) under
the overwash regime (Sallenger, 2000). Although it is relatively
difficult to confirm the depositional process for the whole barrier
and the known flood and storm event due to the complexity of its
formation and the lack of reliable records, the OSL dates of ST4,
ST5,and ST6 at a 40-cm depth from the surface can serve as a cut-
off point and indicate 130 =+ 10 years ago to present. Thus, more
than 130 £ 10 years ago, there were two storms (Units VI and
VII) and one FF (Unit V) that deposited sediment on the barrier,
and there were two storms (Units IV and II) and one FF (Unit
I1I), depositing from 130 =% 10 years ago to present. The presence
of sedimentary layers from prior natural hazard events in this
sand barrier emphasized the necessity for coastal communities
to initiate adapting measures in order to mitigate the loss from
upcoming natural hazards.

CONCLUSION

Sedimentary records of past storm surges and FF events found on
the Hoa Duan barrier island revealed the episodic natural hazard
events at the Thua Thien Hue province, central Vietnam. Four
layers of storm deposits and two layers of FFDs from three cores
were recognized. Sedimentary characteristics, grain size statistic
parameters, and OSL dating were used to define the storm surge
and FF events in the past centuries.

Storm sediments were characterized by having coarser grain
sizes, with a low organic and carbonate content, containing
sedimentary structures, including parallel and inclined landward
lamination, multiple sets of normal and reverse grading, MRCs,
and sharp and erosional contacts (both top and bottom), with
finer-grained layers. Conversely, FFDs contained only fine to
very-fine sand, strikingly high organic and carbonate contents,
and only sharp erosional top and bottom contacts with coarser-
grained layers.

Comparisons between grain size distribution curves of the
storm and fluvial sediments indicated that they both had a
unimodal distribution but differed in sediment size. Comparing
grain size parameters (mean, sorting, skewness, and kurtosis)
revealed the clearest differentiation between storms and FFs is the
plot of mean grain size against sorting. These sedimentological
analogs can also be used as a diagnostic key for storm deposits and
FFDs in places with similar geomorphological conditions. Based
on the OSL results, we suggest that before 130 £ 10 years ago,
two storms (Units VI and VII) and one FF (Unit V) deposited
sediment on the barrier, and, from 130 % 10 years ago to the
present, deposits were made by two storms (Units IT and IV) and
one FF (Unit III).

These sedimentary records indicate natural events that
affected people and property locally and in the wider region.
Although no tsunami deposits have been recognized in this

study site, the characteristic of storms and flood deposits
from this analysis, more or less, confirms the frequency of
these two catastrophic events. A diagnostic sedimentary key of
these two hazards can help improve the understanding of the
geomorphological evolution of the studied site and other parts
of this coastal region to remind the coastal community to prepare
well for future coastal hazards.
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