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ARTICLE INFO ABSTRACT

Keywords: The development of coastal dunes is linked to environmental controls such as sea-level variability, climatic
Coastal dune conditions, and coastal morphology. Understanding the spatial and temporal variations of dunes is crucial for
Sedimentology predicting how coastal landscapes may react to future climate changes and sea-level rise. However, there are
OSL dating few detailed studi he 1 i It luti ial illennial) of 1d fi

Sea-level change very few detailed studies on the longer time-scale evolution (centennial to millennial) of coastal dunes from
Gulf of Thailand subtropical and tropical regions. Here, we combine a high-resolution luminescence chronology with sedimen-

tological analyses to study the depositional history of a transverse coastal dune located within the Bang Berd
dune field, Western Gulf of Thailand. While luminescence dating of uniform aeolian deposits is normally straight
forward, we observe strong variations in the natural dose rate which are likely explained by the enrichment of
accessory minerals in some laminae. Deposition of the dune started at least around 3000 years ago and coincides
with a regional sea level drop. Sedimentary structures indicate deposition occurring predominantly in relation to
the northeasterly winter monsoon. As the sea-level rise and increased storm intensity in the future may lead to
stronger erosion along the coast, this study is highlighting the importance of the Bang Berd dune system as

natural protection against coastal inundation.

1. Introduction

The ongoing global climate warming poses several threats to coastal
areas, such as flooding and erosion, related to the predicted sea-level rise
and the likely increase in storminess in some regions (Oppenheimer
et al., 2019). Since many coastal zones are both economically important
and densely populated, there is an inalienable need for establishing
strategies of coastal management. Previous examples have shown that
pure engineering-based measures are not always sustainable (e.g., Neal
etal., 2018). This is explained by the fact that the complex interaction of
local and regional sediment erosion, transport and deposition is often
not fully understood and disturbed by engineering measures (e.g.,
Rangel-Buitrago et al., 2018). This can result in successional problems
that might be even more severe than the original cause for action.
Hence, understanding the sediment dynamics along coasts will help to
design lasting solutions of coastal protection.

Dune fields are prominent features in sediment-rich coastal settings

that form parallel to the beach line and represent a particular case of
source bordering dunes. Their dynamics are controlled by the sea-level,
sediment supply, and by erosion of the dune front during storm events
(Pye, 1983). Accretion of the dune depends on supply of sand to a wide
and dry beach across which sand can be mobilised by aeolian processes
(Bauer and Davidson-Arnott, 2003; Sherman and Lyons, 1994). Coastal
dune formation has been proposed to occur both in response to either
sea level rise (e.g., Pye, 1983) or sea level fall (e.g., Lees, 2006). In the
latter case, subearial exposure of the former shoreface results in aeolian
stripping of sediment from the beach to build foredunes. Other envi-
ronmental factors such as storm frequency and strength (Bateman et al.,
2018; Clemmensen et al., 2001; Sancho et al., 2012), beach profile and
orientation (Miot da Silva and Hesp, 2010), vegetation (Hesp, 2004) and
human impact may also exert control on dune formation.
Understanding the timing and rate of dune formation can help to
decipher the controls on coastal sediment dynamics and several studies
have used radiocarbon and optically stimulated luminescence (OSL)
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Fig. 1. Location of study site. A: Location within the Gulf of Thailand. B: DEM model of the northern Chumphon province with the Bang Berd Bay (NASA/METI/
AIST/Japan Spacesystems and U.S./Japan ASTER Science Team, 2019). C, D: Satellite image of the investigated part of the Bang Berd dune field (© Bing Maps,

Microsoft Cooperation).

dating to investigate coastal dune processes. The majority of coastal
dune studies are located in temperate climates, for example, in Denmark
(Clemmensen and Murray, 2006; Tindahl Madsen et al., 2007), the
United Kingdom (Sommerville et al., 2007; Wilson et al., 2001), Canada
(Neudorf et al., 2015), South Korea (Yu et al., 2009), and Japan (Tamura
etal., 2011). Only a few studies have aimed at deciphering coastal dunes
processes in tropical climates, with examples available from Vietnam
(Tamura et al., 2020), India (Devi et al., 2013), and Thailand (Noppradit
et al., 2019). These studies of tropical coastal dunes commonly have
only a rather limited age data set for single dunes (e.g., Devi et al.,
2013).

To further improve the understanding of how sedimentary dynamics
within a tropical coastal system respond to sea level and climate
changes, we identify the onset of dune formation and rates of sedi-
mentation in a coastal dune of the Bang Berd dune field, Southern
Thailand. Our study uses a combination of sedimentological investiga-
tion and high-resolution OSL chronology and represents the starting
point for similar detailed investigations on the coastal sediment history
along the shores of the Gulf of Thailand. Unexpected problems related to
OSL dating require in-depth investigation and discussion of these phe-
nomena. Besides the relevance regarding the interpretation of the pre-
sent data set, these methodological observations have general
implications related to OSL dating.

2. Study area

The Gulf of Thailand is a shallow semi-enclosed bay on the Sunda

Shelf with a coastline of about 1900 km (Fig. 1). It can be divided into
three parts: the Eastern, Upper, and Western Gulf. The coastal geo-
morphology of the Gulf of Thailand is variable but mainly characterised
by coastal plains with sandy beaches and dunes, coastal wetlands (tidal
flats, marshes and mangrove forest), or deltaic and estuary influence
where large rivers flow into the ocean. Some areas represent rocky
coasts with coastal cliffs. Climatically the region is dominated by the
Asian monsoon system with a rainy season controlled by southwestern
winds lasting from May to October. The winter season lasting from
November to February is dominated by north-easterly winds, and the
hot and dry season (transitional period from the NE to SW monsoons
with average temperature of 30 °C) lasts from March to April. The SW
monsoon brings warm and moist air from the Indian Ocean towards the
SE Asia, resulting in an abundance of rainfall. Conversly, the NE
monsoon transports cool and dry air from mainland China towards SE
Asia, which causes rather temperate conditions in the North. However,
in the southern part of Thailand, especially the lower part of Western
Gulf (east coast), the NE monsoon normally causes mild weather and
heavy rain, with its peak in November. For the Chumphon province, the
mean annual rainfall ranges between 1700 and 2000 mm with a mean
annual temperature of 26.7 °C (Saithong Silvicultural Research Station).

The ocean surface circulation within the Gulf of Thailand exhibits
seasonal variations depending on the direction of the monsoon and an
anti-cyclonic eddy near the western gulf centered at ca. 7°N exists
throughout the year. During the NE monsoon, the sea level in the Gulf of
Thailand is generally raised above mean sea level (MSL) because of
seawater influx from the South China Sea resulting from the prevailing
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Fig. 2. Schematic model of the depositional envi-
ronment evolution during the Holocene in the Bang
Berd area drawn based on previous preliminary in-
vestigations by Prachantasen et al. (2008a,b), Lert-
nok et al. (2009) and Choowong (2011). A: Sea level
- rise during the Early Holocene leads to transgression
onto the coastal plain. B: The Mid Holocene sea level
high stand causes the development of a beach ridge
along the shore line. C: Mid to Late Holocene sea
level regression is accompanied by prograding beach
ridges and the start of coastal dune formation. D: Late
Holocene formation of the coastal dune field. E:
Present day setting. Qt = terrace deposits
(Quaternary).
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northeasterly winds. In contrast, during the SW monsoon, wind blowing
from the South leads to seawater efflux and thus a sea level within the
Gulf of Thailand below MSL (Phantuwongraj et al., 2013). Additionally,
during November-December, the eastern side of southern Thailand is
regularly affected by depressions and tropical storms.

The study area is located in the Bang Berd Bay, Chumphon Province,
in the Western Gulf of Thailand, about 430 km south of Bangkok (Fig. 1).
The Bang Berd Bay coastline is formed by a ca. 10 km long, N-S oriented
sandy beach of which northern and southern parts are truncated by
headlands formed by outcropping limestones. Inland of the sandy beach
a well-developed dune field has formed, with the highest dune ridges
having an elevation of about 20 m above the present sea level. The dune
field with an area of ca. 1 km? has a maximum width of 300 m and the
highest dunes are generally located in its southern part. The dune field
features three distinct dune sets: an inner set, which is located the most
landwards and raises up to 6 m asl, a middle set, which contains the
largest dunes, and a seaward set which contains smaller dune of up to 3
m height (Prachantasen et al., 2008a,b). In the southern part of the dune

field only the inner and middle set occur while in the northern part a
distinction into different sets becomes difficult as the topographic
development is less clear. Based on aerial photography the dunes can be
classified as predominantly parabolic and transverse, with the slip faces
oriented landwards, indicating that the sand was deposited predomi-
nantly by easterly winds (Lertnok et al., 2009).

Plant communities covering the sands include coastal dune grassland
(Ipomoea imperati, Ipomoea pescaprae, Fimbristylis sericea, Cyperus stolo-
niferus) and coastal scrub communities (e.g. Sindora siamensis, Plancho-
nella obovata, and S. grande (Laongpol et al. 2009). Some climbers and
herbs are also present (e.g. Tetracera indica, Dunbaria bella and Dianella
ensifolia) (Laongpol et al., 2009). Shrubs and grasses mainly occupy the
windward side, while the woody plant community (Pandanus odorifer,
Syzygium antisepticum and Syzygium grande) favour the leeward side
(Marod et al., 2020).

The dune field unconformably overlies beach ridges, which are also
present several hundreds of meters inland where they form topographic
heights. This unconformity can be clearly identified on ground-
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Fig. 3. Orthophoto of the studied dune showing the location of the pits (P1-P14) within the sections A-D.

penetrating radar profiles through the dune field (Lertnok et al., 2009).
Other beach ridges 50 km south of the dune field indicate a regional sea
level (RSL) fall from the Mid Holocene until around 3.8-1.6 ka based on
OSL dating (Nimnate et al., 2015). Similarly, beach ridge ages around
150 km north of the study area indicate that RSL was apparently still
dropping in the last 2 ka (Surakiatchai et al., 2018, 2019). Based on
preliminary investigations of the sedimentary sequence and morphology
at Bang Berg Bay (Choowong, 2011; Lertnok et al., 2009; Prachantasen
et al., 2008a,b), as well as by considering the regional context, it is
assumed that the dune development followed Early to Mid Holocene sea
level changes which caused the formation of the beach-ridges (Fig. 2).
Subaerial exposure and subsequent partial erosion of the beach ridges
initiated the formation of a wide beach, from which aeolian erosion and
transport inland led again to dune formation. However, the exact onset
of dune formation and the rate of sedimentation is unknown.

3. Methods
3.1. Fieldwork

To investigate the depositional history, one of the largest individual
dunes from the middle dune set in the southern part of the dune field was
studied in detail. The dune flanks were sparsely vegetated which
enabled the excavation of thirteen pits along the eastern (seaward) and
northwestern dune face. The pits, with depths of 1.0-1.5 m, were partly
overlapping with regards to elevation and enabled the creation of three
continuous vertical profiles through the dune (Fig. 3): Section A
(4.3-10.3 m asl) at the eastern base of the dune comprising pits 1 to 5,
Section B (15.8-22.5 m asl) above Section A on the eastern flank of the
dune including pits 6 to 10, and Section C (11.5-16.0 m asl) on the
northwestern flank of the dune including pits 11 to 13. Due to a

relatively flat topography between Sections A and B, which likely was
due to a slope failure, it was not possible to have a continuous section
through the east face of the dune. One additional pit was excavated on
the backshore where a debris line indicated the storm tide line (Section
D, pit 14). Locations of the pits were recorded by a levelling survey
(Sokkia SET630R reflectorless total station) with regards to the mean sea
level as well as by aerial photography using a drone (DJI Mavic Pro,
Fig. 3). Photogrammetric analysis of the dune was hampered by the
dense vegetation on all but the seawards part.

3.2. Sediment characterisation

After each pit was sedimentologically described and logged, a total of
30 samples for luminescence dating and grain size analysis were taken.
Samples were collected by inserting a light-proof aluminium tube into
the freshly exposed sediment. The contents of the tube were transferred
into opaque sampling bags to avoid exposure and to retain moisture
content. For dose rate determination additional samples of ca. 500 g
were collected around the luminescence sample site. These samples
were also used for grain size analyses.

For laser-optical grain size analysis no pre-treatment was necessary
as the samples were very homogeneous and mainly composed of fine to
medium sand. Grain size distribution was analysed with a Malvern
Mastersizer 3000 and evaluated using GRADISTAT (Blott and Pye,
2001). Organic matter and carbonate content of the samples were ana-
lysed by loss on ignition (Heiri et al., 2001) using a muffle furnace with
temperatures of 550 °C for 5 h for organic matter and 950 °C for 2 h for
carbonate content.
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Fig. 4. Characterisation of OSL properties. A: Typical sample (CHU-4) showing a rather bright OSL signal and an almost identical shape of decay for the natural and
laboratory irradiated OSL signal. Inset: The natural OSL signal is well placed on the dose response curve. B: A very young sample (CHU-30) with very low OSL signal
level observed for the natural signal in comparison to the OSL signal resulting from laboratory irradiation. The natural OSL signal is very close to zero and the D,
estimate should be only regarded as semi-quantitative. C: The results of OSL performance test reveal the best dose recovery for a preheat at 230 °C. The preheat test

shows a plateau starting at 230 °C.

3.3. Luminescence dating

Initial preparation work was done at the red-light laboratory at
Chulalongkorn University, Bangkok. The water content was first
measured and samples were subsequently dry sieved (105-177 um),
followed by removal of carbonate and organic material using hydro-
chloric acid and hydrogen peroxide, respectively. Heavy minerals were
removed using a magnetic separator. The samples were then transferred
to Freiburg, and then etched by 40% hydrofluoric acid for one hour to
remove the outer layer of the mineral surface that is affected by alpha
radiation and to purify the quartz grains. Dried grains were mounted on

stainless steel discs using a 2 mm stamp of silicon oil (ca. 50 grains per
aliquot).

Luminescence measurements were performed on an automated TL/
OSL-DA-15 Risg¢ reader fitted with a bialkali EMI photomultiplier and
a 29sr/%%Y beta source (ca. 0.1 Gy s . Equivalent dose (D) measure-
ments were carried out using the single-aliquot regenerative-dose pro-
tocol (SAR) of Murray and Wintle (2000), applying preheating at 230 °C
for 10 s as identified appropriate in different tests (Fig. 4C). Most of the
samples show bright OSL signals and an excellent performance during
the SAR protocol (Fig. 4A) and 24 replicate measurements were used for
statistical analyses. However, for some very young samples, the SAR
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Fig. 5. Combined sedimentological log of section A.

protocol had to use low irradiation doses (0.5 and 1 Gy), which led to
problems for some aliquots with regard to OSL signal counting statistic.
For young samples quantification of the OSL signal close to background
(i.e., calculating a D) is also not straightforward (Fig. 4B). In this case,
the number of replicate measurements was increased to 48. For several
samples, some aliquots had to be rejected due to poor quartz lumines-
cence sensitivity or not passing the SAR quality criteria (recycling ratio
within 10% of unity, test dose error < 10%, IR depletion ratio < 10%).
D, calculation was conducted based on using either the Central Age
Model (CAM) or the Minimum Age Model (logged MAM-3; Galbraith
et al., 1999), using the r-script by Burow (2020a, 2020b). The deter-
mination of the appropriate age model was based on the shape of the D,
distribution and the observed overdispersion (see below).

The determination of the concentration dose-rate relevant elements
(K, Th, U) was carried out at VKTA (Radiation Protection, Analytics &
Disposal Rossendorf Inc.) in Dresden, using high-resolution gamma
spectrometry (cf. Preusser and Kasper, 2001). No evidence for radioac-
tive disequilibrium in the uranium decay chain was observed. Dose rates
and ages were calculated using the software ADELE v2017 (Degering
and Degering, 2020; https://www.add-ideas.de), which uses the dose
rate conversion factors of Guerin et al. (2011). An average water con-
nent during burial time of 2-8% has been assumed (measured water
conents were 2-4%). Cosmic-ray dose rates were corrected for
geographic position and burial depth following Sherman and Lyons
(1994).

4. Results and interpretation
4.1. Sedimentology

The parabolic to hummocky dune consists of well to very well sorted,
fine to medium sands with mean grain size varying from 199 ym to 255
um (Figs. 5-7). The sands contain very little organic matter
(0.02-0.26 %) and also have very low carbonate contents
(0.02-0.10 %). The organic matter likely originates from rootlets which
are commonly visible in the pits. The sand in the top ca. 20 cm of each pit
is often unstructured, dominated by rootlets, and of lighter colour than
the deeper parts of the pits. These sections are interpreted to result from
local erosion and reworking of the dune and are not taken further into
account. Sedimentary structures within the light-yellowish-brownish
sands are made visible by the enrichment of dark minerals in some
laminae (Fig. 8). Cross bedding, with angles of 19-40°, is common, as are
faint ripple structures which are observed in the cross section. If dark
minerals are missing, the sands appear structureless and massive. Indi-
vidual cross bed sets have thicknesses of up to 0.5 m and are regularly
truncated by another set of cross beds.

Section A (Fig. 5) is dominated by cross beds (4.3-7.5m, 8.2-10.3 m)
with the central section containing ripple structures (7.5-8.2 m). Dip
direction of the cross beds is predominantly south to southwest. At the
base of Section B (Fig. 6) one set of cross beds dips towards north while
the overlying cross beds all dip towards south and southwest. The lower
part of Section B (15.8-17.1 m) has a distinctly darker colour (dark
brown to grey) than the upper part where the sands have the same light
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Fig. 6. Combined sedimentological log of section B.

yellowish-brownish colour as in the other sections. The colour transition
is very sharp and the contact is dipping towards south-west. The darker
colour originates from a higher content of iron-(hydr)oxides (limonite,
goethite, hematite) which have been identified under the microscope.
Sands in Section C (Fig. 7) have the same light yellowish-brownish
colour as the other sections but have fewer laminae, enriched in dark
minerals, and subsequently the identification of sedimentary structures
as well as their dipping direction was hindered.

Section D (Fig. 8) shows parallel bedded layers of yellowish-
brownish sand with some layers consisting predominantly of black
minerals. Plastic debris, wood fragments, and parts of fishing nets are
common in the darker layers. The beds are slightly (<3°) dipping to-
wards the sea at approximately the same angle as the beach and some of
the layers show some post-depositional deformation.

The crossbeds observed in all three sections dissecting the internal
structure of the dune are interpreted as foresets dipping downwind, with
the foresets with high apparent dips likely to be produced by grain-flow
deposition on the slip face (Pye and Tsoar, 2009). The individual
crossbeds of thicknesses < 1 m are thought to represent smaller scale
dunes superimposed on larger parabolic to transverse dunes while the
thick (>2-3 m) beds indicate migration of the dune slip surface. The
observed ripples are interpreted as climbing ripples formed on the

upwind side of the dune. The enrichment of accessory minerals in the
grain flow foreset laminae is either due to the separation of denser
minerals during the grain flow or related to changes in wind-speed
which results in the preferential transportation of the denser minerals.
Enriched heavy-mineral concentrations are commonly observed in
aeolian deposits and have been linked to local increase in near-surface
turbulence at the crest of ripples (Buynevich, 2012) and the cyclic
variation of the angle of climb in a climbing-wind-ripple (Hunter and
Richmond, 1988). Note that the type of dominant mineral in the laminae
is not coinciding with a change in grain-size. This is likely because only a
very narrow bandwidth of grain size is being sourced from the beach. In
fact, the samples from pit 14, on the backshore, demonstrate overall very
similar grain-size parameters as the aeolian sands from the dune. This is
in line with previous research which highlights that the beach setting
controls aeolian delivery to coastal dunes (Bauer and Davidson-Arnott,
2003; Miot da Silva and Hesp, 2010; Sherman and Lyons, 1994). The
lower part of Section B with the darker colour presence of iron-(hydr)
oxides is interpreted as a palaeosoil horizon, which is eroded by a first
order bounding surface which marks the start of a new phase of sedi-
ment aggregation. Deposition mainly occurred in relation to north-
easterly wind conditions, with the vast majority of foresets dipping
towards the SW. One exception can be found at the base of Section B,
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Fig. 7. Combined sedimentological log of section C.

where a foreset dips towards NE and was thus likely deposited during
prevailing SW wind.

The sedimentary features observed in the backshore pit (section D)
are thought to illustrate individual storm events, with each of the
laminae set enriched in anthropogenic debris and heavy minerals caused
by higher transport energy. This is in line with sedimentary features
known to be linked to coastal storms such as (1) many individual
laminae per storm event, (2) planar laminations, (3) abrupt basal con-
tacts, and (4) debris (Morton et al., 2007). The laminae set between the
storm events represent the normal backshore sedimentation, likely
caused mainly by aeolian processes which also source the dune further
landwards.

4.2. OSL dating

A consistent set of ages was expected considering the excellent
properties of the OSL signal and, at first glance, the homogenous nature
of the sediment. On the contrary, the data set features scattering and a
number of inversions that will be discussed further below (Table 1;
Fig. 9A). With regard to the basic data that is used to calculate ages, two
observations are striking. First, dose-rate relevant elements in the
different samples show a large variance that results in a spread of annual
dose rates from 0.59 & 0.04 Gy ka~! (CHU-1) to 3.88 + 0.21 ka~* (CHU-
8). While the latter is a solitary extreme value, several samples are three
to four times larger than the lowest value (Fig. 9B). For further analyses,
it is important to consider which kind of radiation is contributing to the
total dose rate. In the present context these are - and y-rays as well as
cosmic radiation (comprising a wide range of primary and secondary
rays), as the contribution of a-radiation has been removed by HF-etching
of the quartz grains. The cosmic dose rate depends on the burial depth
which was between 10 cm and 150 cm in the present case. This results in
a cosmic dose rate between 0.15 Gy ka~! (CHU-6) and 0.20 Gy ka!
(CHU-26). The remaining dose rate results from p- and y-radiation and
the contribution to the total dose rate by the former is rather constant
with about 37 + 2% on average (Fig. 9C). In contrast, the origin of

B-radiation shows quite some variation (Fig. 9D-F) and a synchronous
trend for increasing contribution from Th and U with an opposing trend
for K. Overall, the variation in the K-concentration (between 0.10 &
0.01% and 0.24 + 0.02%; mean = 0.14 + 0.04%, RSD = 30%) is much
lower than for Th (2.49 + 0.18 ppm to 31.20 + 1.90 ppm; mean = 6.20
+ 5.88 ppm, RSD = 95%) and U (0.59 + 0.04 ppm to 3.88 + 0.21 ppm;
mean 1.29 + 1.13 ppm, RSD = 87%).

Plotting the concentration of Th- versus U-concentration in the
samples investigated reveals a linear relationship, at a ratio of ca. 5:1
(Fig. 10). Since Adams and Weaver (1958), U/Th ratios have been used
as indicators of provenance and the constant ratios observed here imply
a common source of both elements. As the sediment is mainly composed
of quartz, bears almost no carbonates, organic material or minerals
sensitive to weathering such as feldspar (shown by the low K-concen-
tration), Uranium and Thorium will presumably be present in stable
heavy minerals. The presence of such minerals is likely reflected by the
dark layers observed in the sediment exposure (Figs. 5-8). Optical in-
spection did not allow proper identification of the type of mineral.
However, zircon as an extremely weathering resistant mineral in which,
Thorium and Uranium occur in abundances ranging from tens to thou-
sands of parts per million (Speer, 1980), is the probable candidate.
Hence, the large differences in dose rate are likely explained by a
varying content of zircon in the sediment. This could be either related to
primary flux of zircon into the sediment system, or by a mechanical
separation effect such as wind strength; the density of zircon (4.6-4.7 g
cm ™) is almost double that of quartz.

The second interesting observation regarding the OSL data set is
related to the fact that the samples show a quite different degree of
scatter in the individual D, data sets (Fig. 11). This is reflected by the
overdispersion value, i.e., the presence of greater variability than ex-
pected from counting statistic instrumental reproducibility, which can
be quantified (cf. Galbraith and Roberts, 2012). The values observed for
the samples under consideration range from 0.07 to 0.54. The over-
dispersion of D, value data sets observed in sediment samples is ususally
explained by the effect of sediment mixing (e.g., Tribolo et al., 2010),
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Fig. 8. Image of pit 14 (Section D) on the backshore, facing landwards towards the studied dune. Layers with a high content of dark minerals are clearly visible
(white arrows), as is plastic debris and parts of fishing nets (yellow arrows). Sample locations of OSL samples CHU28 to CHU30 are indicated, as are their OSL ages.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

microdosimentry (e.g., Mayya et al., 2006), and/or partial resetting of
the OSL signal prior to deposition (e.g., Olley et al., 2004). Due to the
nature of sediments and the observed intact sediment structures, the first
appears as an rather unlikely explanation. Furthermore, the non-
Gaussian shapes of the different D, distributions are all positively
skewed (Fig. 11). Interestingly, the D, distributions of the three samples
taken from beach sand sandwitched between modern storm deposits
(CHU-28 to CHU-30; containing plastic debris) show little evidence for
significant partial bleaching, i.e. values much higher than the rest. The
highest individual D, values determined for aliquots from these deposits
are 0.25 + 0.02 Gy for CHU-28 and 0.16 + 0.02 for CHU-29. All other
aliquots (n = 97) are not exceeding D, values of 0.1 Gy. On the other
hand, there appears to be also no direct relationship between dose rate
and overdispersion (Fig. 12A), which could explain the observed scatter
in D, values. It is also shown that while for part of the samples the
highest D, value is part of the main (median) distribution (Fig. 12B),
several samples show outliers that are more than one order of magnitude
higher than the median value. The most likely explanation appears, as
dose rate is not a suitable candidate, to attribute these outliers to partical
bleaching. This is despite the fact that the three modern samples do not
show such a degree of scattering.

Nevertheless, while the number of De-values outside a Gaussian-like
distribution at the upper edge is rather low (Fig. 11A, B, D, E), it appears
necessary to remove these values when calculating mean De. All samples
without positively skewed distributions (example in Fig. 11C) have
overdispersions between 0.09 and 0.12 (Table 1), wich the exception of
sample CHU-30 (overdisperion = 0.07; Fig. 11F). However, the latter
sample is characterised by large individual D, uncertainties that will
lead to a lower overdispersion. Hence, a value of 0.12 was used for the
sigma_b value in the MAM calculations and these were only carried out

for samples in which the overdisperion is higher than this value.

4.3. Chronology of aeolian deposition

The high vertical resolution of age data allows for a detailed analysis
of the depositonal chronology. We applied a widely-used age-depth
modelling approach, which is based on Bayesian statistics (Blaauw and
Christen, 2011), to reconstruct the accumulation history for the studied
dune (Fig. 13). First, the model was computed based on the OSL data
alone as reference (Fig. 13A). The second age-depth model (Fig. 13B)
does also take sedimentological observations as well as breaks in the age
data set into account, interpreting both as breaks in deposition. Depo-
sition of the dune recorded in the studied sections started at least ca.
3000 years ago and continued with a steady accumulation rate of 0.6 cm
per year until around 1200 years ago.

Following the first long period of accumulation, a sedimentation
hiatus, potentially with a period of erosion, occurred between samples
CHU-5 (1600 + 80 a) and CHU-6 (700 + 40 a) at ca. 650 cm depth (ca.
15.5 m asl). Note that the sands within the pit which covers this depth
are massive and structureless and thus provide no evidence for or
against this hiatus, noted as Hiatus A in the discussion, from the sedi-
mentological point. However, without an erosional feature or hiatus, the
sedimentation rate between samples CHU-5 and CHU-6 would be only
0.1 cm per year. As there are no indications of soil development between
the two samples, which would be expected at such low sedimentation
rates, a hiatus is assumed. Sedimentation restarted at ca. 700 years ago
and continued until ca. 420 years (480 cm depth, 17.2 m asl) with a
similar sedimentation rate of 0.6 cm per year, where the development of
a palaeosoil indicates a depositional hiatus of at least several decades.
This hiatus is denoted as Hiatus B in the discussion. The ages determined
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Summary data of OSL dating indicating the sampled section, elevation above mean sea-level, sediment cover as used for the calculation of cosmic dose rate, the
concentration of dose rate relevant elements (K, Th, U), the total dose rate, the number of aliquots (n: measured/passing the rejection criteria), the observed over-
dispersion, mean D, calculated by the Central Age Model (CAM) and the Minimum Age Model (MAM). The latter was used for age calcuation only if the observed

overdispersion exceeds 0.12.

Sample Section  Elevation Cover K (%) Th (ppm) U (ppm) D (Gy Aliquots Over- CAM D, MAM D, Age (a)
(cm) (cm) ka1 n dispersion (Gy) (Gy)
CHU-1 A-1 1230 120 0.13 + 2.49 + 0.54 + 0.59 + 24/23 0.17 1.04 + 1.02 + 1740 +
0.01 0.18 0.14 0.04 0.04 0.04 110
CHU-2 A1 1290 60 0.16 + 5.10 + 0.95 + 0.91 + 24/24 0.14 1.74 + 1.71 £ 1880 +
0.01 0.33 0.18 0.05 0.05 0.05 100
CHU-3 A-2 1345 120 0.15 + 3.80 + 1.04 + 0.81 + 24/24 0.27 1.45 + 1.36 + 1670 +
0.01 0.26 0.21 0.06 0.08 0.04 100
CHU-4 A-2 1420 50 0.15 + 6.46 + 1.30 + 1.08 + 24/24 0.09 1.58 + - 1460 +
0.01 0.40 0.16 0.05 0.03 60
CHU-5 A-3 1490 100 0.12 £ 9.90 + 1.90 + 142 + 24/24 0.10 2.28 + - 1600 +
0.01 0.60 0.30 0.07 0.05 80
CHU-6 A-3 1580 30 0.10 + 8.10 + 1.55 + 1.26 + 24/24 0.11 0.88 + - 700 + 40
0.01 0.50 0.24 0.06 0.02
CHU-7 B-1 450 120 0.12 £ 3.61 + 0.93 £ 0.75 £ 24/24 0.09 2.08 + - 2790 +
0.01 0.24 0.17 0.04 0.04 150
CHU-8 B-1 510 60 0.13 + 31.20 + 5.90 + 3.88 + 24/19 0.15 12,51 + 12.23 + 3150 +
0.01 1.90 0.60 0.21 0.45 0.45 180
CHU-9 B-2 590 120 0.17 + 2.70 + 0.56 + 0.64 + 24/21 0.12 1.63 + - 2540 +
0.02 0.19 0.12 0.06 0.05 240
CHU- B-2 680 30 0.13 £ 291 + 0.64 £ 0.67 £ 24/23 0.18 1.79 £ 1.75 + 2600 +
10 0.01 0.20 0.17 0.04 0.07 0.07 180
CHU- B-3 750 100 0.23 + 2.75 + 0.56 + 0.71 + 24/20 0.18 1.83 + 1.75 + 2480 +
11 0.02 0.19 0.12 0.04 0.07 0.05 130
CHU- B-3 810 40 0.24 + 3.58 + 0.70 + 0.83 + 24/20 0.17 2.06 + 1.95 + 2490 +
12 0.02 0.23 0.15 0.05 0.08 0.11 150
CHU- B-4 880 70 0.16 + 2.50 + 0.56 + 0.63 + 24/23 0.18 1.45 + 1.41 + 2240 +
13 0.01 0.17 0.11 0.04 0.06 0.03 110
CHU- B-5 930 120 0.21 + 4.20 + 0.86 + 0.85 + 24/23 0.13 212+ 2.07 + 2420 +
14 0.02 0.28 0.12 0.04 0.06 0.06 120
CHU- B-5 975 75 0.21 + 3.74 + 0.73 + 0.80 + 24/24 0.19 1.55 + 1.50 + 1870 +
15 0.02 0.24 0.14 0.05 0.06 0.04 110
CHU- C-1 1615 100 0.14 + 2.61 + 0.76 + 0.66 + 24/22 0.18 0.47 + 0.43 + 650 + 40
16 0.01 0.18 0.12 0.04 0.02 0.02
CHU- C-1 1665 50 0.13 + 7.70 + 1.70 + 1.24 + 24/23 0.15 0.68 + 0.66 + 530 + 30
17 0.01 0.50 0.21 0.08 0.02 0.03
CHU- C-1 1705 10 0.14 + 9.90 + 2.04 + 1.54 + 24/24 0.18 0.67 + 0.65 + 420 + 30
18 0.01 0.60 0.26 0.09 0.03 0.03
CHU- C-2 1725 90 0.18 + 5.05 + 1.11 + 0.98 + 24/23 0.20 0.13 + 0.12 + 120 + 20
19 0.01 0.40 0.19 0.09 0.01 0.01
CHU- C-2 1765 40 0.13 £ 281 + 0.70 £ 0.67 £ 24/24 0.35 0.51 + 0.46 + 690 + 40
20 0.01 0.20 0.13 0.04 0.04 0.02
CHU- C-2 1805 30 0.13 + 4.04 + 0.92 + 0.81 + 24/20 0.28 0.18 + 0.16 + 190 + 20
21 0.01 0.27 0.17 0.07 0.01 0.01
CHU- C-3 1880 130 0.16 + 2.66 + 0.45 + 0.60 + 48/23 0.49 0.17 + 0.15 + 250 + 40
22 0.01 0.19 0.10 0.08 0.01 0.01
CHU- C-3 1930 80 0.14 + 4.50 + 1.04 + 0.86 + 48/24 0.54 0.24 + 0.20 + 230 + 30
23 0.01 0.30 0.17 0.09 0.02 0.02
CHU- C-4 1960 140 0.14 + 3.27 + 0.64 + 0.67 + 48/40 0.40 0.36 + 0.30 + 450 + 40
24 0.01 0.23 0.14 0.05 0.03 0.02
CHU- C-4 2010 90 0.17 £ 5.50 + 1.31 + 1.02 + 48/42 0.18 0.11 + 0.10 £ 100 + 10
25 0.01 0.40 0.20 0.11 0.01 0.01
CHU- C-5 2090 150 0.12 + 3.19 + 0.67 + 0.65 + 48/16 0.30 0.087 + 0.083 + 130 + 10
26 0.01 0.22 0.13 0.06 0.007 0.007
CHU- C-5 2150 90 0.16 + 3.31 + 0.68 + 0.71 + 48/36 0.12 0.074 + - 110 £ 10
27 0.01 0.22 0.12 0.04 0.002
CHU- D-1 120 70 0.07 + 16.00 + 3.50 + 214 + 48/29 0.48 0.043 + 0.038 + 18+2
28 0.01 0.90 0.40 0.24 0.005 0.004
CHU- D-1 155 35 0.08 + 7.20 + 1.55 + 1.11 + 48/35 0.35 0.017 + 0.012 + 11+1
29 0.01 0.50 0.24 0.10 0.004 0.001
CHU- D-1 180 10 0.04 £ 15.30 + 3.00 £ 1.90 + 48/34 0.07 0.015 + - 8+1
30 0.00 1.00 0.40 0.15 0.001

for the top most section of the dune (<480 cm depth, >17.2 m asl) are
characterised by some inversions, in particular samples CHA-20 (690 +
40 a) and CHA-24 (450 =+ 40 a), which are significantly older than the
other ages determined for this part of the sequence (strechting from 250
to 100 a). However, the pattern of D, distribtions for these two samples
are quite similar to the other samples as are the overdispserion values
and annual dose rates (Table 1). Since these samples are way out of the
range of the other ages determined for this part, these have been treated
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as outliers and are not considered in the second age model (Fig. 13B).
While, sample CHU-19 is also slightly off (120 + 20 a) compared to the
other ages in this part (ca. 200-250 a) including or removing this has
little impact on the age model. Lastly, accumulation of this part of the
sequence took place between ca. 250 and 100 years ago, with an accu-
mulation rate of ca. 3 cm per year.
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Fig. 9. A: OSL ages versus elevation above mean sea-level. Please note that the three samples between 100 and 200 cm are from young storm deposits (including
plastic waste) at the foot of the dune sequence. B: The total dose rate of the samples shows a large degree of variation, in particular generally higher values for the
storm deposits. One extreme value of 3.88 + 0.21 Gy ka' for sample CHU-8 is five time higher as the typical values determined for the dune samples (mainly
between 0.5 and 1.0 Gy ka'). C: The contribution of beta radiation to the total dose rate is relatively constant (37 & 2%). D-F: The origin of beta particles from the

different elements (K, Th, U) shows a large variation.

U concentration (ppm)

5:1 line
/

Th concentration (ppm)

Fig. 10. Comparison of Th and U concentration in the samples reveals a linear relationship at the ratio 5:1.

5. Discussion
5.1. Dune formation and sea-level change

The onset of the formation of the investigated costal dune around at
least 3000 years ago (mid-late Holocene) poses the question of a possible
link to relative sea level (RSL) changes in the study region. Indeed, re-
cords of past RSL changes in SE Asia are common and combining many
studies resulted in extensive and detailed RSL datasets (e.g. Bird et al.,
2010, 2007; Brill et al., 2015; Choowong et al., 2004; Hesp et al., 1998;
Horton et al., 2005; Meltzner et al., 2017; Parham et al., 2014; Scheffers
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etal., 2012). These and other studies have recently been compiled into a
standardised Holocene RSL database for broader SE Asia, including the
Maldives, India and Sri Lanka (SEAMIS) (Mann et al., 2019). The
resulting sea level curves indicate a RSL rise from below —30 m at the
start of the Holocene to the maximum mean sea level at ca. 7 ka, with a
2-5 m higher than present RSL being recorded between 6 ka and 4 ka.
After 4 ka sea level has been falling until present RSL was reached ca. 2
ka ago (Fig. 14). The onset of coastal dune formation in the Western Gulf
of Thailand at least around 3000 years ago indicates that RSL at that
time was at least close to present day msl (or lower) as a wide, dry beach
is needed to provide source material for the dune formation.
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Fig. 11. Examples of D, distributions plots reflecting the variability observed in for the samples under consideration. A: CHU-3. B: CHU-4. C: CHU-14. D: CHU-23. E:
CHU-28. F: CHU-30. Most samples show a pronouinced peak of D, values at the lower edge of the distribution, which is interpreted to reflect the average dose
absorbed during burial. The higher values present above the lower edge may result from either partical resetting of the OSL signal at the time of deposition or from

large beat-dose inhomogeneity effects.

This interpretation is supported by RSL records along the Thai coast-
line of the Western Gulf of Thailand (Choowong et al., 2004; Sur-
akiatchai et al., 2018, 2019; Williams et al., 2016). Additionally, palaeo-
beach ridges at the Chumphon estuary, around 50 km south of the Bang
Berd dune field, record a sea level fall until 3.8-1.6 ka based on OSL data

12

(Nimnate et al., 2015), which is in line with our age data for the onset of
coastal dune formation (Fig. 14). Similar data from beach ridges further
north along the coast at Pran Buri, Sam Roi Yot and Kui Buri (ca. 150 km
from Bang Berd Bay), however, indicate that sea level was potentially
still dropping 1850 years (Surakiatchai et al., 2018) and 900 years ago
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Fig. 12. Investigating the source of overdispersion. A: The comparison of dose
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(Surakiatchai et al., 2019), respectively.

5.2. Dune formation and climate change

While sea level changes formed the coastal geomorphological setting
that allowed for the development of a dune field, the transport and
deposition of the sand was likely related to monsoonal winds, as indi-
cated by the dipping of aeolian foreset beds. The Gulf of Thailand is close
to the boundary of the Asian monsoon sub-systems, Indian Summer
Monsoon, East Asian Summer Monsoon and Western North Pacific
Monsoon (Wang et al., 2003). Therefore, monsoon intensity and its
temporal variations control environmental changes in the region. An
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analysis of air mass back-trajectories retrieved from NOAA’s Hybrid
Single Particle Langarian Integrated Trajectory Model (HYSPLIT4; Stein
et al., 2015) over the last forty years (1978-2018) indicates that air
moisture responsible for precipitation at the study area comes to 52%
from the Indian Ocean (May-October), and the rest from the South China
Sea (48%), predominantly during November and early December
(Fig. 15A). Tropical storms affecting Thailand (during September-
November) usually move in from the western North Pacific Ocean or
the South China Sea. Nearly no precipitation occurs from mid-December
to April. Wind directions reconstructed with the ERA-20C ensemble
(Poli et al., 2016) for the study area (Fig. 15B) highlight the two
dominant wind directions, namely SW and NE. The latter is related to
the winter monsoon (November-January), while the SW winds occur
during the summer monsoon (May-October). The wind directions
recorded in the sedimentary structures indicate that deposition gener-
ally occurred under NE wind conditions, common during the winter
monsoon. As high surface moisture hinders aeolian transport (e.g.
Davidson-Arnott et al., 2008), the dune formation likely occurred during
the dry months of the winter monsoon with strong winds (December-
February). This highlights that the deposition of the Bang Berd dune is
strongly related to monsoonal activity in the region. Note that the
control of wind directions on dune formation can also be observed by the
lack of coastal dunes in the north-eastern part of the Gulf of Thailand.
There, NE winds cancel the onshore sand transport while SW winds are
essential for building coastal dunes.

To decipher whether the changes and hiatuses observed in the
sedimentary record at the study site were caused by climatic factors,
palaeoclimatic data for Thailand and for the Asian monsoon region are
needed to assess in greater detail the spatial and temporal variability of
the Asian monsoon during the last 3000 years. The spatially closest
palaeo-climate records are stalagmite oxygen isotopes from Klang cave,
located around 350 km southwest of the study site. While this record
indicates variable rainfall for the last 2700 years, with an overall trend
towards a weaker Indian Summer Monsoon (drier conditions) (Chaw-
chai et al., 2021; Tan et al., 2019), the stalagmites record suggested dry
conditions during the Medieval Climate Anomaly (MCA: CE 950-1300).
However, this is in contrast with other palaeo-climatic data from
northern Thailand (Chawchai et al., 2015; Yamoah et al., 2016a,b) and
Cambodia (Day et al., 2012; Penny et al., 2019) which inferred wet
conditions during the MCA. Thus, Hiatus A (CE 400-1300) could also be
the result of reduced sedimentation rates due to wet conditions (high
surface moisture) and/or a subsequent erosional event due to extreme
precipitation which erased the limited sedimentary record. Notably, the
sands directly above Hiatus A were deposited under southern wind
conditions, indicating that the hiatus is linked to changes in prevailing
wind conditions or an extreme weather event.

Hiatus B, which is indicated by palaeosoil development, dates to ca.
CE 1600-1800 and does thus coincide with the Little Ice Age (LIA; CE
1500-1850) period, for which a general trend towards dry conditions
was observed in the stalagmite oxygen isotope record from Klang cave
(Chawchai et al., 2021; Tan et al., 2019). However, the presence of iron-
hydroxides within the palaeosoil at Bang Berd hints towards wetter
conditions. It is notable that there are discrepancies between palae-
orecords from the western side of Mainland SE Asia, eastern side of
Mainland SE Asia and the South China Sea during the LIA, with some
records indicating that wet conditions prevailed (Stevens et al., 2018;
Yan et al., 2011). This is because the control of precipitation on western
side of SE Asia (western Thailand and Myanmar) may have been mainly
the Indian Summer Monsoon as suggested by Chawchai et al. (2020) and
Liu et al. (2020), but that the Pacific Walker Circulation may have been
the overriding control on precipitation for the eastern part of SE Asia
(Vietnam, Cambodia, and the eastern coast of the Thai-Malay peninsula)
as proposed by Yan et al. (2011) and Stevens et al. (2018). Taking this
into account, Hiatus B is interpreted be the result of a wet period where
aeolian deposition was limited and strong vegetation limited erosion
and transport within the dune field and a paleosoil could develop.
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Fig. 13. Age-depth models of the studied dune based on the Bayesian statistics modelling package rbacon version 2.5.7 (Blaauw et al., 2021). OSL ages, including
errors, are indicated in grey, the red dashed line is the mean and blue dashed lines are the 95% confidence intervals of the age-depth model. Accumulation rate is
shown in the insets. A: Assuming constant sedimentation and taking into account all age data. B: Based on the observed palaeo-soil formation a sedimentation hiatus
at 480 cm depth (17.0 m asl) is assumed. Another hiatus is assumed at 650 cm depth (15.5 m asl) due to the sudden change in sediment age. Samples CHU-20 and

CHU 24 have been disregarded from this model (see text for discussion).

While deposition rates are constant between 3000 and 400 years ago,
taking the hiatuses into account, sedimentation occurred faster by five
times in the last ca. 200 years. Interestingly, paleoclimatic studies and
rainfall monitoring data suggest that El Nino — Southern Oscillation
(ENSO) events had an influence on monsoonal rainfall and strength in SE
Asia on a decadal scale in the last 200 years (e.g. Abram et al., 2020;
Limsakul and Singhruck, 2016; Pumijumnong et al., 2020; Rasanen
etal., 2016; Tan et al., 2019). This could have led to more frequent storm
events which subsequently induced higher rates of aeolian transport and
deposition.

5.3. Implications for future coastal evolution

As sea-level changes have controlled coastal aeolian sedimentation
at the study site in the past, future sea-level changes are likely to impact
the sedimentary system. Sea-level is predicted to rise at least 0.5 m to 1
m within the next century (e.g., Kulp and Strauss, 2019), with extreme
sea levels (high tides plus extreme storm events) in the tropics becoming
much more frequent with coastal areas in SE Asia experiencing present-
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day 100-year events annually by CE 2050 (Vousdoukas et al., 2018). The
beach at Bang Berd Bay has a flat profile and even a moderate rise in sea
level will decrease the area from which sand can be supplied to the
coastal dunes dramatically. The current storm line is close to the dune
foot and a rise in extreme sea level would lead to the erosion of the dune
and subsequently to a higher risk of flooding for the lowlying area inland
of the dune field which is currently agricultural land. As a reponse to sea
level rise the dune field may migrate further inland, displacing the
agricultural area.

While the number of tropical storms making landfall in Thailand
have decreased in the past 70 years (Lee et al., 2020), the intensity of
these storms is predicted to increase in the changing climate (Cha et al.,
2020). As the hiatuses observed in the sedimentary record of the studied
dune can be interpreted as the result of erosional events, an increase in
storm intensity may lead to significant erosion of the coastal dunes and
transport sand further inland. Models indicate that the East Asian Winter
Monsoon will increase in the future (Chowdary et al., 2019), which
could lead to an increase in aeolian transport and sedimentation at the
study site. On the other hand East Asian Summer Monsoon is expected to
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have an increased variability with more frequent extreme precipitation 6. Conclusions

events (Tan et al., 2021), which could lead to increased erosion of the

dunes. Overall, climate change is more likely to impact the dunes, which High resolution OSL dating of a coastal dune within the Bang Berd
form an important coastal barrier, negatively. Bay dune field in southern Thailand shows that deposition of the dune

started at least 3000 years ago and continues until today. This study adds
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important palaeoenvironmental information for the region and allows
us to examine the sedimentary dynamics in the context of sea level
change and varying hydroclimatic conditions. The onset of dune for-
mation appears to be linked to sea level regression after a mid-Holocene
high-stand. Sedimentary structures indicate that deposition occurred
predominantly under NE wind conditions which highlights that the
deposition of the coastal dune is strongly related to monsoonal activity.
Sedimentation was not constant as indicated by the presence of a palaeo-
soil horizon and gaps in the chronology, with two hiatuses between CE
400-1300 and CE 1600-1800. Deposition of sand primarily took place
in the winter months when dry conditions and NE winds related to the
winter monsoon prevailed. The observed hiatuses may be linked to cli-
matic changes recorded in paleoclimatic archives in the region. Our
study highlights how sea level changes and monsoonal variability can
shape coastal morphology in SE Asia. However, the late Holocene sea-
level lowering along with inferred moisture and wind availability at
Bang Berd dune needs to be constrained by further high-resoltuion
chronologies to enable for comparisons to regional high-resolution
palaeoclimatic records, and to decipher whether the changes seen in
sediment were caused due to climatic factors.
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