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Abstract

Beach ridges are depositional features that allow reconstruction of past sea-level variations, sediment dynamics, and storm activity. However,
there are still very few systematic studies focusing on beach ridges available from the Gulf of Thailand. Along the east coast, satellite images
provide evidence of beach ridges in the Chanthaburi Province, extending as far as 6 km inland, oriented parallel to the current coastline.
These can be divided into a set of landward ridges (5.3–6.0 km inland) and seaward ridges (0.4–1.8 km inland) that are separated by an arm
of the Chanthaburi estuary. Optically stimulated luminescence dating of 26 sand samples from 12 pits of ridge profiles suggests that the
landward set of beach ridges formed ca. 3500 yr ago, while the seaward set of ridges formed between ca. 2100–1200 years ago, which
also includes the modern active beach. It appears that the landward set of beach ridges developed during a period of relatively stable
sea level followed by a rapid regression presently occupied by the arm of the Chanthaburi estuary. The seaward set of beach ridges appar-
ently reflects a millennium of slowly retreating coastline until the modern beach ridge formed.
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INTRODUCTION

Deciphering the response of coastal clastic sedimentary systems to
past sea-level changes is important to understanding the potential
impact of future developments on these often densely populated
areas (e.g., FitzGerald et al., 2008). Sea-level history in coastal set-
tings can be deciphered using a number of proxies (e.g., Lewis
et al., 2013), with beach ridge sequences enabling the tracking
of sea-level change during post–highstand regression (e.g.,
Otvos, 2000; Tamura et al., 2012). Hence, beach ridge systems,
characterised by parallel to subparallel ridges and swale topogra-
phy, are prominent features reflecting longer periods of costal
development. While there has been discussion since Davies
(1957) regarding the exact processes that lead to the formation
of beach ridges (cf. Tamura, 2012; Kelsey, 2015; Oliver et al.,
2017), it is agreed that ridge formation is mainly influenced by
changes in sea level, local wave/tide conditions, storminess, gradi-
ent, and the degree of sediment supply. Commonly, it is expected
that relative sea level (RSL) rise will erode and move beach ridges
towards a more landward equilibrium position, whereas beach

ridge plains prograde seaward during sea-level fall (Hansom,
2001; Plater and Kirby, 2011). However, the exact controlling fac-
tors, mechanisms, and timing remain poorly understood (e.g.,
Tamura, 2012).

A key method to quantify process rates is determining the age
of coastal features, using radiocarbon dating and/or optically
stimulated luminescence (OSL) dating (e.g., Jacobs, 2008).
Applying different combinations of geomorphic analyses, geo-
physical surveying, sedimentary investigations, and geochrono-
logical approaches and identifying sea-level indicators have
been used to reconstruct long-term coastal dynamics in numer-
ous case studies. However, these concentrate on the midlati-
tudes, in particular along the sandy coasts of Australia (e.g.,
Short and Hesp, 1982; Oliver et al., 2015), North America
(e.g., Mallinson et al., 2008; Shawler et al., 2021), and Europe
(e.g., Faye et al. 2019; Nielsen et al. 2006). In contrast, the num-
ber of comprehensive and systematic studies using a combina-
tion of at least several of the abovementioned methods in
Southeast (SE) Asia is still rather low (e.g., Hanebuth et al.,
2011; Mallinson et al., 2014; Brill et al., 2015; Gouramanis
et al., 2020; Kongsen et al., 2022). In particular, age control of
deposition is often limited to a rather low number of radiocar-
bon and/or OSL samples.

Presented here is a study of coastal features along the southern
edge of the Chanthaburi estuary, located ca. 245 km southeast of
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Bangkok (Fig. 1), aimed at identifying the timing and discussing
potential processes that shaped the present coastal landscape. To
do so, we first apply a combination of geomorphologic mapping
of ridges found parallel to the coast and then investigate sedimen-
tary features in trenches hand-dug into the ridges to identify the

local facies. A major focus is on establishing reliable age con-
straints of coastal evolution by using OSL dating on samples
taken from the trenches. The results will be used to reconstruct
the Late Holocene history of the coast strip and discuss it in a
regional context.

Figure 1. (A) Geomorphologic and geologic map of the Chanthaburi area, eastern Gulf of Thailand (study area indicated by the red rectangle). Inset: location of the
study area in the Gulf of Thailand (DMR, 2007, 2001). (B) Satellite imagery of the study area and (C) beach ridges studied indicated on the TanDEM-X digital surface
model.
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REGIONAL SETTING

Past and modern sea-level change in SE Asia

The Gulf of Thailand is located on the continental shelf of the
South China Sea and is divided into eastern, upper, and western
parts (Fig. 1). In this region, sea level may rise as much as 60 cm
until the end of the twenty-first century (Oppenheimer et al.,
2019), depending on the global warming scenario used for simu-
lations (Jaroenongard et al., 2021). Such predictions are supported
by tide gauge data (Sojisuporn et al., 2013) revealing a sea-level
increase of about 5 mm/yr for the period AD 1985–AD 2009,
in a similar range as altimetry measurements (Trisirisatayawong
et al., 2011). For the Sunda Shelf somewhat farther south,
Culver et al. (2015) reconstruct an increase in the rate of sea-level
rise from 1.26 mm/yr for the period AD 1820–AD 1900 using
radiocarbon dates of peat to about of 3.2 ± 0.6 mm/yr for the
last 120 yr based on foraminiferal data. This highlights the need
to understand the timing of coastal sedimentary processes in
the region in the light of future sea-level rise.

On Holocene time scales, RSL changes in SE Asia resulted
from a combination of eustatic, isostatic, and local factors such
as human-induced subsidence and sediment supply (e.g.,
Kengkoom, 1992; Sinsakul, 1992; Tjia, 1996; Scoffin and Le
Tissier, 1998; Horton et al., 2005; Oliver and Terry, 2019;
Durand et al., 2022). For example, a Holocene maximum of
+2.6 m at ca. 5.7 ka was inferred based on oyster and coral data
from Phang-nga Bay and Phuket, whereas ridge crests and
swale bases in the northwest of the Andaman Sea coast
(Phuket) point to maximum heights of +1.5–2.0 m above present
sea level around 5.3 ka (Scheffers et al., 2012). According to this
study, RSL in the region did not exceed +1.5 m during the last
3000 yr. Mann et al. (2019) provide a standardized Holocene
RSL database for SE Asia, the Maldives, India, and Sri Lanka.
Overall, geomorphic evidence reveals a rise of RSL from below
−30 m during the Early Holocene (12–8 ka) reaching a higher
than present RSL between 6 ka and 4 ka, with amplitudes between
2 and 5 m above mean sea level. After 4 ka, RSL has been falling
and likely reached the present height during the past two millen-
nia (Mann et al., 2019). Interestingly, Mann et al. (2019) combine
evidence from the northern Gulf of Thailand with the South
China Sea, in particular the Mekong Delta, and observe an ambig-
uous age-elevation of RSL change in the available data. It should
be noted that Mann et al. (2019) rely on and critically access
rather old data from the northern Gulf of Thailand (Somboon,
1988; Somboon and Thiramongkol, 1992) that were published
with very limited information with regard to exact sample loca-
tion and no information regarding dating procedures. Nimnate
et al. (2015) discuss several sea-level reconstruction curves stretch-
ing from Singapore to the northern Gulf of Thailand, revealing
large differences in the peak and shape of Holocene sea-level
rise and fall (Sinsakul et al., 1985; Hesp et al., 1998; Choowong
2002a; Horton et al., 2005). These authors also present a revised
sea-level curve based on OSL data from beach ridges at
Chumphon, Gulf of Thailand that implies a maximum RSL of
more than 4 m around 7–6 ka, followed by a gradual decrease
and reaching the present level after 2 ka. However, the elevation
data of Nimnate et al. (2015) might be inaccurate and overesti-
mated (Choowong, M., personal communication, 2023).
Surakiatchai et al. (2019) revise the sea-level curve from the
Prachuap Khiri Khan beach ridge plain and find good agreement
with the ICE-5 G sea-level model (Peltier, 2004), with a peak sea-
level elevation of ca. +3 m between ca. 8 and 7 ka.

Study area

The study area is located within the Laem Sing District,
Chanthaburi Province, in the coastal area south of the
Chanthaburi estuary (Fig. 1). A similar setting is found ca.
30 km southeast, along the Welu estuary (Chataro et al., 2022).
Based on the geomorphologic and geologic maps from the
Department of Mineral Resources of Thailand (DMR 2001,
2007), the research area features beach ridges, tidal flats, fluvial
deposits, terrace deposits, colluvial deposits, sedimentary rocks,
plutonic rocks, and volcanic rocks (Fig. 1). Granitic rocks are
widely distributed in Thailand and occur in eastern, central,
and western granite belts (Charusiri et al., 1993), with the
Chanthaburi granitic rock being a coarse-grained biotite granite
(Uchida et al., 2022). Along with the granitic rocks,
Carboniferous–Triassic shallow- to deep-marine sedimentary
rocks and Quaternary alluvium are widely dispersed in the
study area (Sone et al., 2012). Neogene to Quaternary intraplate
basalt occurs locally (Fig.1).

The geologic setting results from the fact that Thailand under-
went extensive deformation during the late Mesozoic/early
Cenozoic due to the collision of the Indian and Eurasian terranes.
This was associated with sinistral strike-slip faults also common
within the Sa Kaeo–Chanthaburi Zone, representing the likely
origin of NW-SE trending geologic structures (Sone et al., 2012;
Hara et al., 2018). In the eastern Gulf of Thailand, rifting began
in the Eocene and ended at the Oligocene–Miocene boundary
(Phoosongsee and Morely, 2019). Since the late Miocene, the
coastal area of the eastern Gulf of Thailand is considered tecton-
ically stable (Choowong, 2002a), and no seismic risk is expected
for this region (Pailoplee and Choowong, 2013; Pailoplee and
Charusiri, 2017), indicating the lack of active tectonics.

The coastal regions of the northern Gulf of Thailand have kept a
record of their evolution, particularly in relation to how they
responded to the sea-level changes during the Holocene. A first
framework combining geomorphic evidence and sedimentary
facies evolution was presented by Choowong (2002b) and later
refined using both radiocarbon and OSL dating (e.g., Nimnate
et al., 2015; Surakiatchai et al., 2018, 2019; Chataro et al., 2022;
Miocic et al., 2022). In the eastern Gulf of Thailand, several tide-
dominated estuaries populate the coastline; they are located in shel-
tered areas between protruding headlands, protected from high
wave energy (Choowong, 2002a). Minor sea-level fluctuations dur-
ing the postglacial marine transgression that caused the rapid flood-
ing of the Sunda Shelf (Hanebuth et al., 2000) affected the
evolution of the sedimentary sequences (transgressive, aggrega-
tional, and progradational or regressive facies) and continued to
develop until the Late Holocene (Choowong, 2002a, 2002b).

The lower part of Laem Sing District is characterized by coastal
plains interspersed with hills and tidal flats. Chanthaburi Province
has the largest mangrove areas in eastern Thailand, occupying ca.
60% of the coastal plain. Mangrove forests are located in sheltered
coastline and inland areas, along the banks of rivers and streams
(Suk-ueng et al., 2013). The Chanthaburi and Welu are the two
major rivers in the Chanthaburi and Trat Provinces, respectively.

The Chanthaburi River (approximately 120 km long) origi-
nates in the northern mountains (Khao Ploi Waen, basalt, granitic
basement), flows through Chanthaburi city, and finally empties
into the Gulf of Thailand in the Laem Sing District. For the
research area, there are no statistics on annual runoff or sediment
discharge available. However, the runoff of the Chanthaburi River
is substantially less than that of the Welu River (Chen et al., 2020).
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Because of its narrower channel, the Chanthaburi estuary is less
vulnerable to seawater intrusion than the Welu estuary, which is
invaded by salt water during high tide (Chen et al., 2020).

Sediments at the mouths of the Chanthaburi estuary and the
Welu estuary fluctuate under the influence of tidal currents and
are considered strongly hydrodynamic (Wang et al., 2020), with
the areas of highest sand content found in the southwestern
Chanthaburi estuary. The Chanthaburi estuary also has a more
complicated sand volume fraction than the Welu estuary, as the
sand content at the mouth is higher and shows an outward exten-
sion with a gradual reduction in sand content (Wang et al., 2020).
The sand volume fraction gradually decreases with distance off-
shore under the influence of the tidal current. The tides in the
study area are diurnal, with an average tidal range of 0.8–1.2 m
(Chen et al., 2020; Trisirisatayawong et al., 2011).

The Indian summer monsoon (SW monsoon) and the north-
east winter monsoon (NE monsoon) define the present-day cli-
mate in the region. Thus, seasonal variations in the dominant
wind directions have a significant impact on wind-driven currents
in the Gulf of Thailand. In the summer, during the SW monsoon,
currents flow in a clockwise direction (Fig. 1). While the currents
remain generally clockwise during the NE monsoon, they are
counterclockwise in the eastern part of the gulf (Chen et al.,
2020; Liu et al., 2016; Wang et al., 2020). During the winter, a
westward-directed current flows along the coast of the study
area; tides are diurnal, with an average tidal range of 0.8–1.2 m
(Chen et al., 2020; Trisirisatayawong et al., 2011).

During the summer season, as a result of overheating, low-
pressure weather systems form in the tropics; these cyclones gen-
erally move from east to west. Due to its location, the Gulf of
Thailand is exposed to such tropical storms, but the most and
the strongest of those hit the eastern coast of the Thai-Malay
Peninsula, mainly between 8°N and 12°N (Terry et al., 2018).
During the period 1952–2020, a total of 36 tropical cyclones pass-
ing the Gulf of Thailand also affected eastern Thailand, mainly
during September and October (Thai Meteorological
Department, 2020; Supplementary Table S1). However, only
nine of those had a substantial impact on the Chanthaburi
coast, namely those occurring in July 1951 and in the October
of the years 1952 (twice), 1957, 1959, 1960, 1974, 1985, and
1992 (Thai Meteorological Department, 2020).

METHODS

Geomorphology

Satellite images, digital elevation models (DEMs; TanDEM-X
with 12 m horizontal and <1 m vertical resolution), and a geo-
morphologic map (DMR, 2001) were used to classify landforms
in the study area and identify suitable sampling locations.
Twelve locations along two transects perpendicular to the recent
shoreline were selected for field observations (Fig. 2). During
site selection, special focus was put on areas with limited or no
visible human impact. Following hand auger probing, small
trenches with a depth of 1.0–1.5 m were excavated at each loca-
tion, with the groundwater table limiting the depth of the
trenches. Pürckhauer probing allowed for sedimentologic obser-
vations beneath the ground water table. The clean trench walls
were photographed and logged, and the exact location of each
trench was determined using differential GPS (dGPS; ±5 cm in
height). To confirm field estimates, 22 samples were taken from
areas of interest for sedimentologic analyses (grain-size analysis,

organic and carbonate content). The profile illustrated in
Figure 2 is based on a combination of remote sensing data and
field data (TanDEM-X, dGPS, geomorphologic observations).

Sedimentology

Sedimentologic samples were homogenized and dried at 105°C
for 24 h. Organic matter and carbonate content of the samples
were analysed by loss on ignition (LOI; Heiri et al., 2001;
Santisteban et al., 2004) using a muffle furnace with temperatures
of 550°C for 3 h for organic matter and 950°C for 2 h for carbon-
ate content. For laser-optical grain-size analysis, the fraction
>2 mm (if present) was removed by sieving, and the remaining
material was pretreated with 20% H2O2 at 70°C for organic matter
degradation. As the detrital grains partly consist of carbonate frag-
ments, the samples were not treated with HCl before grain-size
analysis. The samples were then treated with a dispersant
(Calgon, a solution of 33 g sodium-hexametaphosphate, and 7 g
sodium carbonate) for 24 h (Abdulkarim et al., 2021) before
grain-size distribution was analysed with a Malvern Mastersizer
3000. Grain-size data were analysed using GRADISTAT (Blott
and Pye, 2001) (Supplementary Table S2).

Luminescence dating

For OSL dating, 26 samples were collected by forcing a
10-cm-diameter iron cylinder horizontally into the cleaned section
at depths of more than 40 cm to avoid potential bioturbation. To
avoid depleting the OSL signal, samples were taken without exposure
to daylight. Samples were therefore immediately packed from the
cylinder into opaque plastic bags. Thereafter, additional sediment
was collected in a 30 cm radius around the OSL sample for dose-rate
determination. The initial part of the sample preparation work was
done at the red-light laboratory at Chulalongkorn University,
Bangkok. First, the water content was measured, and samples were
subsequently dry sieved (105–177 μm); this was followed by removal
of carbonate and organic material using HCl and H2O2, respectively.
Heavy minerals were removed using a magnetic separator. The sam-
ples were then transferred to the University of Freiburg, where they
were etched using 40% hydrofluoric acid for 1 h to remove the outer
layer of the mineral surface that is affected by alpha radiation. 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 Risø reader fitted with a bialkali EMI photomulti-
plier. The 90Sr/90Y beta source of the reader was calibrated using
LexCal2014 calibration quartz (90–160 μm; 3 Gy administered
dose) to ca. 0.11 Gy/s. Equivalent dose (De) measurements were
carried out using a modified version of the single-aliquot
regenerative-dose protocol (SAR) of Murray and Wintle (2000),
with preheating at 230°C for 10 s before all optical stimulation,
as identified appropriate in performance tests (dose recovery, ther-
mal transfer, preheat plateau). Most of the samples show bright
OSL signals and an excellent response during the SAR protocol
(Supplementary Fig. S1). Twenty-four replicate measurements
were considered sufficient for most samples. However, for six of
the very young samples (less than 100 yr old) the number of repli-
cate measurements was increased to 30. For several samples, some
aliquots had to be rejected due to poor quartz luminescence sensi-
tivity or not passing the SAR quality criteria (recycling ratio within
10% of unity, test dose error <10%). De calculation was conducted
based on either the central age model (CAM) or the minimum age
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model (logged MAM-3; Galbraith et al., 1999). The determination
of the appropriate age model was based on the shape of the De dis-
tribution and the observed overdispersion. A sigma_b value of 0.10
was used in the MAM calculations.

The determination of the concentration dose-rate relevant ele-
ments (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 radioactive disequilibrium in the uranium
decay chain was observed. Dose rates and ages were calculated
using the software ADELE v. 2017 (Degering and Degering,
2020; www.add-ideas.de). Cosmic-ray dose rates were corrected
for geographic position and burial depth after Prescott and
Hutton (1994). All luminescence data are summarised in
Supplementary Table S3. Mean ages used in the discussion are
based on the CAM of OSL individual ages, as this approach rep-
resents a geometric mean and includes the individual uncertain-
ties in the calculations.

RESULTS

Geomorphology

Based on geomorphologic analysis of remote sensing data, two
series of former beach ridges were recognized in the study area

(Fig. 2). This comprises a series of four closely spaced ridges
(A–D) near the shore of Leam Sing beach, and a second set
including two main ridges (E and F) and a nonprominent sub-
ridge, also closely spaced, several kilometres farther inland. All
ridges reach a height of about 1–2 m above the neighbouring
plain, which is about 0.5 m above present-day sea level. While
ridges were to some extent modified by human activity, their indi-
vidual overall morphology and dimension are still clearly identi-
fiable on satellite images. Furthermore, from field observations,
it is concluded that human modifications appear rather limited
and will not have significantly disturbed the overall geomorphic
setting.

Beach ridge A, located at the shore of the Gulf of Thailand, is
the longest, with a length of about 7 km and a width ranging from
115 to 280 m. Farther inland, the widest ridge, B (5.1 km long and
up to 350 m wide), is easily identified by a road being constructed
on its crest. The following ridge, C, is less elongated (2.4 km long)
but has about the same width. Ridge D is slightly longer (2.8 km)
but with a smaller width (175 m) and a more convex shape. The
second set of ridges is separated from the first by a 3.5-km-wide
estuary channel system and contiguous low-lying areas. The
seaward-facing ridge of this set, ridge E, has a length of 3 km
and a width of 195 m. The most landward ridge of the study
area (ridge F) has a length of 1.9 km and width of up to 190 m.

Figure 2. (A) Cross section through the studied beach ridges along the line indicated in B. (B) Simplified geomorphologic map of the study area showing the sam-
pling locations.
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Sedimentology

The ridges are composed of sand beds with the thicknesses of
individual beds ranging from 5 to 70 cm, which overlie finer-
grained sediments (Fig. 2). The overall thickness of the individual
sand ridges ranges from 0.75 m to more than 2 m. The sand beds
contain predominantly fine to medium, poorly to moderately
sorted sand with a low organic content (<1.6%). Carbonate con-
tent is generally low (< 2%); however, coarse, bioclast-rich layers
are common. Bedding structures are generally only visible due to
grain-size changes, while internal structures in individual sand
beds are usually not visible in the pits. Detailed sedimentologic
descriptions of all pits, as well as images, are found in the
Supplementary Material. Generally, the topmost 10–20 cm of
each sedimentary sequence is organic rich and shows clear
signs of soil formation. The underlying sands are featureless,
grey to dark grey. In all locations, the colour changes to orange
reddish with depth, indicating an oxidizing environment.

The following summary of sedimentologic observations will
concentrate on the main transect of the study. At the recent
beach ridge, A, the foreshore (A1; Supplementary Fig. S3)
shows structureless sands with a thickness of at least 1.1 m. At
the backshore (A2; Supplementary Fig. S4), sedimentary struc-
tures are well preserved, featuring erosional unconformities at
the base of cross-bedded, poorly to moderately sorted,
bioclast-rich, medium to coarse sand beds. Interbedded with
these beds are moderately to well-sorted, laminated fine sands.
At ridge B (Supplementary Fig. S5), poorly sorted sands have a
thickness of at least 0.6 m, while the seaward side of ridge C
(C2; Supplementary Fig. S6) consists of poorly to moderately
sorted, featureless, fine to medium sands with an overall thickness
of at least 1.35 m. At the base of the pit, one bioclast-rich layer
occurs. Landward (C3; Supplementary Fig. S7), the sands have
an overall thickness of ∼0.8 m, and the underlying clayey silts
and clays feature interbedded coarser, bioclast-rich layers. On
the seaward side, Ridge D (D2; Supplementary Fig. S8) consists
of fine to medium sands that are moderately to poorly sorted
and are at least 1.3 m thick. One bioclast-rich layer is present
and fining upward trends within laminae are observed. On the
landward side (D3; Supplementary Fig. S9), stacked fine to
medium sands up to 1.15 m depth are present, with dark grey
clays beneath, with several interbedded, poorly sorted,
bioclast-rich sandy layers.

The upper ca. 1 m of the inland ridges (E and F) are composed
of fine to medium, moderately to poorly sorted, partly silty sand.
On the seaward side of ridge E (E2; Supplementary Fig. S10) the
sands are at least 2.2 m thick, commonly poorly sorted, and silty,
with some coarsening upward trends within laminae being visible.
No bioclast-rich layers are observed. On the landward side of
ridge E (E1; Supplementary Fig. S11), the sand beds have an over-
all thickness of 1.9 m, and there are at least three ca. 10-cm-thick,
poorly sorted, bioclast-rich beds. Below 1.9 m depth, greyish clays
dominate, with one poorly sorted, bioclast-rich sandy silt layer
occurring at 2.8 m depth. The fine to medium, moderately to
poorly sorted sands of ridge F have an overall thickness of at
least 0.8 m (F1; Supplementary Fig. S12) and 0.55 m (F2;
Supplementary Fig. S13) on the sea- and landward sides, respec-
tively. No bioclast-rich layers are observed in ridge F; however,
this could be due to the shallow depth of the pit on the landward
side.

LOI-based organic matter content (0.13–1.53%) and carbonate
content (0.05–1.89%) of the analysed samples show no consistent

trends with respect to sample location (landward vs. seaward side
of the ridges) or depth (Supplementary Table S2). Samples with
a high organic matter content tend to be shallow and are inter-
preted to have been subject to soil formation processes, while sam-
ples with a high carbonate content visibly contain shell fragments.

Results from the grain-size analysis indicate no obvious trend
in the overall distribution of the sediments from ridges A to
F. Most of the sediments are moderately to poorly sorted, with
sorting ranging mostly from near symmetrical to fine-skewed,
as well as ranging widely between mesokurtic and very lepto-
kurtic. However, the distribution of sediments from the most
landward ridge (F) differs significantly from the others regarding
kurtosis and skewness value variations (Supplementary Fig. S2).

Deposition chronology

OSL ages of samples from the present beach ridge were taken
from a structureless forebeach setting (A1) and a well-stratified
backshore (A2) section. For both settings, OSL ages in the
order of decades have been determined (from bottom to top:
A1, 32 ± 3 yr, 43 ± 5 yr, 32 ± 3 yr; A2, 23 ± 2 yr, 31 ± 3 yr, 37 ±
3 yr). While the ages are not strictly consistent within the given
1-sigma uncertainties, it is interesting to note that the De values
are similar (Supplementary Table S3). Hence, the slight inconsis-
tencies might rather be related to dose-rate issues, a problem
already highlighted and discussed in a similar setting by Miocic
et al. (2022). Nevertheless, it appears justifiable to infer an age
of some 30 yr for the deposits.

The OSL ages determined for the seaward beach ridge complex
(B–D) increase landward with no systematic increase of age with
depth in the individual profiles. For the most seaward position
(B1: ages of 1130 ± 90 yr and 1330 ± 120 yr), this represents a
mean age of ca. 1210 ± 70 yr. The next landward position gave
ages (C2: 1230 ± 80 yr, 1240 ± 60 yr) very consistent with this esti-
mate, with a mean of 1240 ± 40 yr. However, the landward side of
this beach ridge shows higher ages of 1910 ± 160 yr (C1) as well as
1910 ± 120 yr and 1670 ± 120 yr (C3) (mean = 1800 ± 90 yr). This
trend continues on the seaward side of the next beach ridge (D2:
2030 ± 100 yr, 2240 ± 160 yr), with a mean of 2100 ± 80 yr.
Interestingly, the landward side of this ridge (D3: 1590 ± 70 yr,
1670 ± 120 yr) shows a significantly lower mean age of 1610 ±
60 yr. Striking for this beach ridge is the difference in dose rate,
which is just above 0.5 Gy/ka on the seaward side, but around
1 Gy/ka on the landward side. This is caused by a higher concen-
tration of all dose rate– relevant elements (K, U, Th). We specu-
late that the sediment on the landward side might be less
weathered and hence represents a more prominent contribution
of fresh material provided by the Chanthaburi River. Therefore,
it appears possible that this side of the beach ridge was not over-
printed by direct marine processes, but by fluvio-estuarine influ-
ence. It might indeed represent a young aggradation of sediment,
for example, a reworking by tidal processes on the landward com-
pared with the seaward side. OSL ages determined for D1 (370 ±
60 yr, 1020 ± 120 yr) are inconsistent with all other ages. We later
learned that this area might have been subject to land fill opera-
tions and hence excluded the results in the “Discussion.”

The OSL ages determined for the landward beach ridge com-
plex (E and F) all overlap within uncertainties, with the exception
of sample CHA12Q (4140 ± 210 yr). The results show no correla-
tion with older ages being more landward (Fig. 2) and represent a
mean of 3530 ± 70 yr.
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DISCUSSION

While the Chanthaburi coastal plain is topographically flat, ridges
are clearly visible, with elevations up to 4 m above present mean
sea level in the DEM. However, due to limitations in the vertical
resolution, the DEM data cannot be used to create a reliable
detailed elevation profile across the transect. Note that the ridges
have been altered by human activity, as they serve as urban areas,
whereas the area between the ridges is commonly used for fish
farming. Compared with an earlier mapping of barriers and
ridges by Choowong (2002b), our results seem to be more accu-
rate and detailed, while the general setting and locations are sim-
ilar. The higher level of detail is explained by the increased quality
of the remote sensing data being used. The ridges are interpreted
to be beach ridges outlining past shorelines, indicating that five
palaeo-shorelines are recorded (ridges B–F) in addition to the
recent shoreline (ridge A). Noteworthy is the gap between the
two sets of beach ridges, which is currently occupied by one
arm of the Chanthaburi estuary.

The analysis of the grain-size distribution parameters and their
correlations does not allow identification of any depositional pro-
cess of the different units (Supplementary Fig. S2). However,
grain-size parameters of ridge F, which is located most landward,
differ significantly from the other ridges and the sediments are
very coarse skewed and very leptokurtic. This implies that sedi-
ments of ridge F were deposited under different hydrodynamic
conditions than the rest of the ridges.

A general lack of sedimentary structures does not allow for a
detailed interpretation of depositional processes; however, the
sand beds at the tops of the ridges are interpreted to be the result
of wave and aeolian deposition in a beach environment as
observed at the currently active beach ridge. The nature of the
backshore environment is well documented in the recent beach
site, where bioclast-free laminated sands are interbedded with
cross-bedded bioclast-rich coarse sands. The laminated sands rep-
resent the normal deposition due to wave action in the swash zone
and reworking of these deposits by aeolian processes. The poorly
sorted bioclast-rich layers in A2 are interpreted to represent a
storm event, where material from below the mean fair-weather
wave base has been transported to the beach and deposited
there. Considering that the coast of Chanthaburi is quite infre-
quently hit by major storms and given the OSL age of ca. 30 yr,
Typhoons Gay (AD 1989) and Linda (AD 1997) are the most
plausible candidates. Regarding the latter, a possible slight overes-
timation of the age due to potential partial bleaching should be
considered. The average wave height during Typhoon Linda
along the eastern coast of Thailand was about 2.5 m, with a max-
imum storm surge height of 0.6–1.0 m generated in the upper
Gulf of Thailand (Vongvisessomjai, 2009). Typhoon Gay,
approaching from the South China Sea, generated a maximum
wave height of 6–11 m, with storm surge heights that might
have reached 2 m height. In the past, storm events with such
intensity are evident on the landward side of the ridges, where
bioclast-rich, poorly sorted layers are commonly found (ridges
C–E). The storms must have had such an intensity that waves
swept over the crests of the ridges.

The seaward-facing sections of ridges B–E likely represent the
aeolian-wave interaction occurring on the foreshore, as the clear
laminations and cross stratifications observed in the recent
swash zone deposits are missing. The moderate to poor sorting
of these sands excludes pure aeolian processes; however, the

lack of frequent storm indicators may highlight that they were
deposited higher than the mean storm level on the ridge.

The silty and clayey sediments occurring beneath the sands
(ridges C–E) are interpreted to represent tidal flat deposits.
Their fine-grained nature is likely linked to the proximity of the
Chanthaburi estuary, which delivers fine-grained sediments into
the Gulf of Thailand. Coarse-grained, bioclast-rich layers within
these sediments are interpreted to be the result of strong storm
events.

According to OSL dating, the landward set of beach ridges (E
and F) was formed ca. 3500 yr ago, some 6 km inland from the
current shoreline at the Chanthaburi estuary. Coastal landforms
several kilometres inland with similar OSL ages have been
reported from the western Gulf of Thailand, at Sam Roi Yot
National Park (ca. 200 km W of the study area; Surakiatchai
et al., 2019), as well as from the eastern Gulf of Thailand, from
sand spits at the Weru estuary (ca. 25 km SE of the study area;
Surakiatchai et al., 2019), and from the Trat Province (ca.
70 km SE of the study area; Chataro et al., 2022). In summary,
there is clear evidence for a coastline retreat in several parts of
the northern Gulf of Thailand in the past 3500 yr that reaches a
distance of several kilometres (Fig. 3A).

The most common explanation of widespread coastline retreat
is the lowering of the regional sea level. Indeed, sea-level data
from SE Asia point towards about 1.5–2.5 m sea-level lowering
during this time (Scheffers et al., 2012; Stattegger et al., 2013;
Oliver and Terry, 2019; Surakiatchai et al., 2019). However, the
question remains whether other factors contributed to this reloca-
tion of the coastline. Increased storminess would likely have led to
erosion of the beach ridges and a rather transgressive trend of the
coastline. An increase in sediment supply and/or decreased
storminess would likely have caused a continuous aggradation
of beach ridges, as observed by, for example, Oliver et al. (2020)
in southern Australia and Rodrigues et al. (2022) in Florida.
The fact that the next set of beach ridges is located some 3 km sea-
ward speaks against continuous aggradation. However, a lack of
deposition could also be related to a decrease in sediment supply,
so beach ridges might never have formed in this zone, or previ-
ously existing beach ridges might have later eroded.
Interestingly, Chataro et al. (2022) also recognised a gap in
beach ridge formation at Pailin Beach (70 km SE of
Chanthaburi) between ca. 3000 and 1800 yr in a spatially close
setting. While the amount of data is very limited, the coincidence
may rather point towards a lack of beach ridge preservation dur-
ing this time. Such a lack could either be explained by a lack of
sediment supply, a significant drop of sea level (at least some dec-
imetres), or a time of highly fluctuating sea level. As there is no
indication for a change in sediment supply or a reason to expect
one, we favour sea-level drop as the controlling factor for the gap
observed between the two sets of beach ridges.

The set of ridges located seaward (D, C, B) at the Chanthaburi
estuary were deposited between ca. 2100 and 1200 yr ago, and
coastal landforms with similar age have been documented in
the vicinity of the study area (Chataro et al., 2022). While the
information about the development of RSL change in the Gulf
of Thailand and the neighbouring Sunda Shelf during this time
is controversial (cf. Englong et al., 2019; Wan et al., 2020),
some studies suggest it may have dropped by almost 1 m during
this time (Tjia, 1996; Oliver and Terry, 2019). If these reconstruc-
tions are correct, a strong regression tendency may likely have
caused the seaward migration of the beach ridges (Fig. 3B and
C). With the formation of the beach ridges, the Chanthaburi
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River as well as the nearby Welu River developed estuaries that are
to be classified as barrier(-enclosed) or bar-built estuaries (cf., Roy
et al., 1980; Hume and Herdendorf, 1988). Since the formation of
ridge B some 1200 yr ago, the coastline position has apparently
been rather stable, as this ridge is only some 100 m from the pre-
sent beach ridge on the active coast (ridge A).

In contrast to our study, Mallinson et al. (2014) observe uni-
form progradation of a strandplain in the Setiu coastal region of
NE Malaysia for the period ca. 3.0 to 1.9 ka and interpret this
to reflect either constant slow relative sea-level fall or a still

stand. However, Woodroffe and Horton (2005) and Mann et al.
(2019) imply that the exact knowledge of sea-level dynamics is
poorly constrained for this period in SE Asia, and Surakiatchai
et al. (2019) in fact summarise evidence of a steady sea-level low-
ering. Nevertheless, while a substantial sea-level drop could
explain the observed lack of beach ridges along the Chanthaburi
coast, it appears mandatory to collect more data from the wider
region to either enforce or reject this hypothesis. One option to
do so would be a geophysical survey to decipher the internal
structure of beach ridges as well as drilling and investigating

Figure 3. Schematic model of the coastal depositional environment evolution of Chanthaburi. (A) Around 3500 yr ago, a high sea-level position causes the devel-
opment of beach ridges along the shoreline. (B) A substantial drop in sea level between 3500 and 2100 yr ago might be responsible for the lack of beach ridge
formation during this time. (C) The seaward set of beach ridges establishes with falling sea level between ca. 2100 and 1200 yr ago and forms the bar-built
Chanthaburi estuary. (D) Present-day coastal setting at Chanthaburi.
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sediments in the estuary zone, which is beyond the scope of the
present study.

CONCLUSIONS

OSL dating of the landward set of beach ridges south of the
Chanthaburi estuary reveals evidence for a higher sea level around
3500 yr ago. Possibly, this was followed by a substantial drop and
potential subsequent rise of sea level between ca. 3500 and
2100 yr ago, responsible for the gap between the two sets of
beach ridges later occupied by the Chanthaburi estuary tidal
zone. The following slow retreat of sea level formed the seaward
set of beach ridges between ca. 2100 and 1200 yr ago.
Eventually, the modern beach ridge formed after this time.

Supplementary Material. The supplementary material for this article can
be found at https://doi.org/10.1017/qua.2023.34
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