
 

 

 University of Groningen

Multi-proxy approach to identify the origin of high energy coastal deposits from Laem Son
National Park, Andaman Sea of Thailand
Kongsen, Stapana; Phantuwongraj, Sumet; Choowong, Montri; Chawchai, Sakonvan;
Udomsak, Sirawat; Chansom, Chanista; Ketthong, Chanakan; Surakiatchai, Peerasit; Miocic,
Johannes M.; Preusser, Frank
Published in:
Quaternary International

DOI:
10.1016/j.quaint.2022.04.017

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kongsen, S., Phantuwongraj, S., Choowong, M., Chawchai, S., Udomsak, S., Chansom, C., Ketthong, C.,
Surakiatchai, P., Miocic, J. M., & Preusser, F. (2022). Multi-proxy approach to identify the origin of high
energy coastal deposits from Laem Son National Park, Andaman Sea of Thailand. Quaternary
International, 625, 82-95. https://doi.org/10.1016/j.quaint.2022.04.017

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

https://doi.org/10.1016/j.quaint.2022.04.017
https://research.rug.nl/en/publications/244a6c8c-fba7-4d4d-94c6-bed2eecdc261
https://doi.org/10.1016/j.quaint.2022.04.017


Quaternary International 625 (2022) 82–95

Available online 30 April 2022
1040-6182/© 2022 Elsevier Ltd and INQUA. All rights reserved.

Multi-proxy approach to identify the origin of high energy coastal deposits 
from Laem Son National Park, Andaman Sea of Thailand 

Stapana Kongsen a, Sumet Phantuwongraj a, Montri Choowong a,*, Sakonvan Chawchai a, 
Sirawat Udomsak a, Chanista Chansom a, Chanakan Ketthong a, Peerasit Surakiatchai a, 
Johannes M. Miocic b,1, Frank Preusser b 

a Morphology of Earth Surface and Advanced Geohazards in Southeast Asia Research Unit (MESA RU), Department of Geology, Faculty of Science, Chulalongkorn 
University, Bangkok, 10330, Thailand 
b Institute of Earth and Environmental Sciences, University of Freiburg, 79104, Freiburg, Germany   

A R T I C L E  I N F O   

Keywords: 
Storm deposit 
2004 Indian Ocean tsunami deposit 
OSL dating 
Andaman Sea 
Thailand 

A B S T R A C T   

Understanding the frequency of high energy storm and tsunami events is crucial for apprehending the vulner-
ability of coastal communities. Identifying and dating sedimentary evidence deposited by such high energy 
events can assist in the planning and installation of suitable protection measurements. The Andaman Sea coast of 
Thailand is particularly vulnerable to such events as illustrated by the 2004 Indian Ocean Tsunami. Here, three 
shore-perpendicular transects and ten sediment cores along a beach ridge in the northern part of Lam Son Na-
tional Park, Ranong Province, Andaman Sea coast are investigated with respect to high energy deposits. A multi- 
proxy analysis was conducted including stratigraphical correlations between cores, detailed description of 
physical characteristics, sedimentary structure, grain size, organic matter and carbonate content as well as 
identification of the remains of marine organisms. Optically stimulated luminescence (OSL) dating was applied 
for determining the age of the sediments on this beach ridge plain. The stratigraphy and sediment characteristics, 
in particular composition, of the sands in the study area clearly allow us to distinguish between high energy 
deposits and normal beach sediments. Two high energy deposits were identified and attributed to result from the 
2004 Indian Ocean Tsunami as well as a past storm, which, based on OSL dating occurred more than 340 ± 20 
years ago.   

1. Introduction 

Tsunamis and storms are catastrophic events that occur along many 
coastlines worldwide and pose a serious threat to coastal communities. It 
was the destructive nature of the M 9.1–9.3 Sumatra-Andaman earth-
quake which triggered the Indian Ocean Tsunami (IOT) 2004, striking 
the coastal area in of parts of the Andaman Sea of Thailand, that called 
for the urgent necessity of countermeasures against such catastrophic 
events, including the installation of warning signs and warning houses 
as well as the establishment of evacuation plans. However, since such 
actions are costly, it is crucial to identify the nature and frequency of 
past high energy events to allow policymakers of coastal territories to set 
priorities in the planning and installation of suitable protection mea-
sures. One approach to access the long-term vulnerability of different 

coastal stretch is identifying and dating sedimentary evidence such as 
washover sediments left inland by the high energy events. However, a 
particular issue is the secure identification and differentiation of the 
deposition processes behind different types of sediments. 

Globally, numerous studies have focused on describing and dis-
tinguishing sedimentological features in storm and tsunami deposits. 
The similarities of sedimentary characteristics and structures found for 
both kind of deposits make is often difficult to clearly differentiate be-
tween these two hazardous events (tsunami and storm). Both types of 
deposits usually show normal and reverse grading, mud rip-up clast, 
sharp and/or erosional contacts, laminated sand layering and frag-
mented shell debris (e.g., Nanayama et al., 2000; Tuttle et al., 2004; Goff 
et al., 2004; Kortekaas and Dawson, 2007; Morton et al., 2007; Phan-
tuwongraj and Choowong, 2012). 
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In Thailand, tsunamis are a coastal natural hazard that represents a 
serious threat to the coastal communities along the Andaman Sea 
coastline, while the coasts along the Gulf of Thailand are regularly 
affected by extreme storms including typhoons. Up to now, recon-
structing the record of past tsunami events mainly focused in investi-
gating deposits found in swale between beach ridges, such as at Phra 
Thong Island (Jankaew et al., 2008). While there have been many 
studies on tsunami deposits along the coastline of the Andaman Sea (e. 
g., Satake et al., 2006; Fagherazzi and Du, 2007; Hawkes et al., 2007; 
Choowong et al., 2007, 2008, 2009; Jankaew et al., 2008; Feldens et al., 
2009, 2012), little work has focused on analyzing the sedimentological 
nature and occurrence of storm surges in this region. An example is Phra 
Thong Island where three sand sheets occurring interbedded with 
muddy swale deposits were attributed to tsunami events (Fig. 1A; Jan-
kaew et al., 2008; Monecke et al., 2008, Fujino et al., 2009; Prendergast 
et al., 2012). These were assigned to the 2004 IOT event, and two older 
tsunamis (sand sheets B and C). According to optically stimulated 
luminescence (OSL) dating, the two latter occurred ca. 700-550 years 
and 2800-2500 years ago, respectively (Jankaew et al., 2008; Brill et al., 
2012). 

In terms of storm, most of the cyclones within the Andaman Sea 
occur either in spring (April–May) or fall (October–November) (Kumar 
et al., 2008). These usually move in west or west-north-west directions, 
with some exceptions such as the Cyclone Nargis of 2008 which turned 
eastward. In comparison to the Bay of Bengal, the Andaman Sea coast 
has a relatively low cyclogenesis activity (Pentakota et al., 2018). 
Extreme coastal storms occur hence quite rarely in the region because of 
the overall climatic setting and the fact that the storm tracks usually 
follow an east to west direction (Kumar et al., 2008; Fritz et al., 2010; 
Pentakota et al., 2018). However, Cyclone Nargis in 2008 (Category 4 on 
the Saffir-Simpson Hurricane scale) is a good example of an anomalously 
moving catastrophic storm which hit the coastal area of Andaman Sea 
side of Myanmar with sustained wind speeds >210 km/h and gusts of up 
to 260 km/h. Cyclone Nargis developed in the central area of the Bay of 
Bengal, with high storm surges (>5 m) which flooded the densely 
populated low-lying area of the Irrawaddy Delta (also called 

Ayeyarwady Delta) more than 50 km inland (Fritz et al., 2010). This 
catastrophic event led to a high death toll of at least 146,000 (Webster, 
2008; Mcphaden et al., 2009). Cyclone Nargis is the seventh deadliest 
storm ever recorded worldwide (Fritz et al., 2010), and one of the most 
damaging natural disasters recorded in the history of Myanmar. 
Importantly, the high number of fatalities and enormous damage 
inflicted on property emphasize the necessity of installing preventive 
measures, improving the awareness of the local population, and 
enhancing the readiness of emergency evacuation measures. 

The aim of this study is to contribute towards a better understanding 
of the nature and frequency of high energy events affecting the Anda-
man Sea coast. Focus here is on establishing the identification of high 
energy events in the coastal deposits and sedimentological differentia-
tion between high energy process-induced sediments from storm and 
tsunami and sediments originating from shore-normal coastal process at 
Bang Bane Beach, Laem Son National Park, Ranong, Thailand. While the 
sedimentary dynamics are investigated using a satellite image from 
Google Earth and sediment characteristics (stratigraphy, granulometry, 
composition), the depositional ages are determined using OSL dating. 

2. Study area 

2.1. Geological setting 

The study area encompassed here lies at Bang Bane Beach (0.33 km2) 
in the Laem Son National Park (Ranong Province), located about 628 km 
south of Bangkok (Figs. 1 and 2). The characteristic landforms found in 
the area are shore-parallel progradational beach ridges and the low 
topographic relief of the seasonal wet swale covered with grassy plants 
(Figs. 1C and 2C). The study area faces the Andaman Sea coast to the 
west and is bound by hilly landscape to the east. The altitude of the 
beach ridges and swales ranges from 0.8 to 2.4 m above mean tide level 
and the tidal range is 1.1 m, which is regarded as micro tidal (Fig. 2D and 
E). Most of the sediments along the beach as well as in the beach ridges 
and swales are fine-to very fine-grained sands, while muddy sand and 
sandy mud are the main component of estuary environment at the back 

Fig. 1. The study area at Laem Son National Park, Ranong Province, southern Thailand. (A) Map showing the overview of the southern peninsula, Thailand flanked 
by the Andaman Sea and the Gulf of Thailand. The study area is indicated by the black star. (B) and (C) Ortho-photograph of the ridges and swales in the study site 
showing the locations of the previous work, the transect lines, the positions of the cores as well as sampling points for recent beach samples and location of 
OSL samples. 
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of the study area, about 2 km east. Site reconnaissance and field work 
were conducted during May 17th to 24th 2019. It is worth mentioning 
that the climatic condition of Thailand is mainly associated with two 
major monsoon winds including the southwest (SW) monsoon and the 
northeast (NE) monsoon. From this condition, during May–October the 
Andaman Sea coast is under the influence of strong wind and wave from 
the SW monsoon wind moving upward from the Indian Ocean toward 
Thai Peninsula in the southwest direction. Similarly, the Gulf of 
Thailand coast experience strong wind and wave from the NE monsoon 
wind during October–February moving downward from Mainland China 
to the Gulf of Thailand in the northeast direction. During site recon-
naissance, the deposition of washover sediments generated by small- 
scale, seasonal SE monsoon-driven storm surges were found along the 
beach front (Fig. 2A and B). While some parts of the beach front are used 
for tourism, the center of the study area is not affected by anthropogenic 

activity (Figs. 1C and 2C). 

2.2. 2004 Indian Ocean tsunami and previous studies in the area 
Due to the geographical position, the coast of the Andaman Sea is not 

only facing the Sumatra-Andaman Subduction Zone, where shallow-, 
intermediate-, and deep-seated earthquakes are common (Somsa-Ard 
and Pailoplee, 2013), but is also regularly affected by cyclones and 
seasonal monsoon (Sudhuram et al., 2006). The 2004 IOT resulted from 
a 9.1–9.3 magnitude submarine earthquake off the northwest coast of 
the Indonesian island Sumatra, on December 26th (Lay et al., 2005; 
Stein and Okal, 2005; Jankaew et al., 2008). This event is regarded as 
one of the worst tsunamis in history as it severely impacted coastal areas 
of 15 countries and killed approximately 230,000 people (Bell et al., 
2005; Satake et al., 2006). 

In the area of Laem Son national park in Ranong, the 2004 IOT 

Fig. 2. Laem Son area, (A) the traces of the washover 
sedimentation and a derelict building on the beach 
zone by the monsoon. (B) The traces of the washover 
sediments and saltwater penetrated inland by the 
monsoon. (C) Three transects perpendicular to the 
shoreline where the 2004 IOT propagated and the 
positions of core and OSL samples. All photographs 
were taken on May 18, 2019. (D) and (E) Cross- 
sections of Laem Son area showing the detailed 
topography from west to east. Transect 1 with posi-
tions of core 1, 2, 3 and 4 and OSL samples (a yellow 
circle) of D1-1, D1-2, D1-3, D2-1, D2-2, D3-1 and D3- 
2, and transect 3 with the positions of core 7, 8, 9 and 
10 and OSL samples of D4-1, D4-2, D5 and D6. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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destroyed the coastal area and community, inflicting damage of 
approximately 383 million baht (ca. 118 million USD) (Chaimanee and 
Tathong, 2005). According to Choowong et al. (2008) (at locality 1 in 
Fig. 1B), the wave run-up during the tsunami was ca. 3 m, which caused 
the inundation of a large area with supercritical flow conditions and 
limited only by the hilly landscape east of the study area. Sedimentary 
traces preserved in the area include capping bedforms with lee sides 
facing landwards, by this indicating the direction of tsunami inflow. The 
identified sedimentary structures include parallel laminae, 
cross-lamination, anti-dunes as well as normal and reverse grading. The 
grain size of 2004 IOT sediments range from medium-to very 
fine-grained sand. Moreover, Kendall et al. (2006) (Fig. 1B) observed 
shell fragments and invertebrate marine species of crab which were 
identified as Dotilla wichmanni and Ocypode ceratophthalmus in the es-
tuary and beaches of the Laem Son area after the 2004 IOT event (at 
locality 2 in Fig. 1B). 

3. Methodology 

3.1. Fieldwork 

Across the sandy beach ridges of Laem Son National Park, three 
transects perpendicular to the coastline were measured from east to west 
(Figs. 1C and 2C-E). The topographical measurement was conducted by 
using a total station survey camera SOKKIA (SET630R) together with 
providing reference points of all stations by a hand-held GPS (Kongsen 
et al., 2021a; b). The obtained topographic values were then referenced 
with the tide table of Khura Buri tide gauge station for the time of 
measurement (Fig. 1A). The ranges of tide (mean tide, high tide and low 
tide) were calculated by the following method of Williams et al. (2016) 
which computes the elevation, and then changed into meters a.m.s.l 
(above mean sea level). 

Along the three transects, three-inch-diameter plastic tubes were 
prepared for collecting core samples. Before coring, 40- to 50-cm-deep 
pits were excavated at each location to analyze the sedimentary pro-
file and for OSL sample collection. Ten cores were collected inland at 50- 
m intervals and designated as core 1 to core 10 (Figs. 1C and 2C-E). All of 
the sample cores obtained from the swales were cleaned and sealed with 
adhesive cloth tape. Furthermore, recent beach sediments were 
collected and were labeled as b1, b2, b3 and b4 (Fig. 1C). 

3.2. Sediment characterization 

At the sedimentology lab, cores were cut longitudinally and divided 
into two halves. Then, logging and photographing were conducted. 
However, only core samples of the transects 1 and 3 will be described in 
this paper because the transect 2 and the remaining cores (cores 5 and 6) 
provide similar characteristics of the stratigraphy. 

The sediments inside the cores were collected vertically at a 1 cm 
interval and divided into two sub-samples. The first sub-sample, 
including the recent beach sediments, was oven-dried at 70 ◦C and 
then dry-sieved through a 63 μm (230 mesh) to eliminate finer particles. 
For all samples their physical properties were subsequently examined 
such as lithic composition (Fritz and Moore, 1988; Rothwell, 1989; 
Rosenthal et al., 2018) as well as roundness and sphericity (Powers, 
1953) under a microscope. The second part of the sub-samples, 
including the recent beach sediments, was analyzed laser-optically for 
grain size distribution using a Mastersizer 3000 (Malvern Instrument 
Limited, Malvern, UK). Each 1 cm interval of the sand sample was 
assigned in the water. Between 5 and 15% was set for laser obscuration. 
Before measuring, ultrasound was conducted for 10 s to disperse the 
finer grains surrounding each sand grain and measured three times, then 
averaged. Grain size distribution parameters were calculated with the 
logarithmic method of moments (Folk and Ward, 1957; Blott and Pye, 
2001), and are plotted against depth to visualize changes within the 
sedimentary column. The mean grain size values were used to indicate 

the type of sediment (Wentworth, 1922). Sorting was applied to measure 
the grain size distribution from the mean. Skewness is the asymmetry of 
a given frequency distribution. A positive value refers to a 
coarse-dominated sample, while a negative value specifies a 
fine-dominated sample (Folk and Ward, 1957). Kurtosis refers to the 
concentration of the grains in relation with the average (Blott and Pye, 
2001) and high values indicate well-sorted distributions, whereas low 
values represent poorly-sorted distributions (Cadigan, 1961). Moreover, 
a high value of kurtosis is prone to display normal (mesokurtic) to very 
highly distribution curve, while a low value tends to show flattened 
distribution curves (platykurtic). 

For loss-on-ignition (LOI), the sediment samples were divided from 
the sediment part to estimate the amount of organic matter and car-
bonate contents following the protocol of Heiri et al. (2001). For sample 
preparation, the sediments were dried at 105 ◦C for 24 h, then grounded 
by hand to ensure the homogeneity of the texture and finally 1 g of 
sediment sample was weighted and placed in crucibles. The sample was 
heated using a high temperature furnace (Nabertherm® muffle furnace 
LE 6/11), first to 550 ◦C for 4 h, then reweighted for measuring the 
organic matter content. Afterwards, the samples were heated again, this 
time to 950 ◦C for 1 h and then reweighted for measuring the carbonate 
content. 

3.3. Optically stimulated luminescence (OSL) dating 

Along the transects 1 and 3, small pits were excavated for collecting 
OSL samples from the ground surface (see detailed information in 
Figs. 1C and 2C-E). Pit depth was limited to between 40 and 60 cm depth 
due to high ground water level. A plastic tube (0.5 cm thick wall and 4 
cm diameter) was used to collect samples for equivalent dose (De) 
determination. Opaque tubes were used to prevent erasing of the OSL 
signal by sunlight exposure. For annual dose (AD) determination, sam-
ples were taken from the sand surrounding the De sample. All of the OSL 
sampling points were referenced by a hand-held GPS. 

A portion of the annual dose samples to measure water content and 
the rest of the sample was oven-dried at 40 ◦C for two days, followed by 
sieving using an 841 μm sieve pan. 290 g of the sample were then packed 
in appropriate containers and rested for at least 30 days before the 
concentration of natural radioisotopes (K, Th, U) was measured using 
high-resolution gamma spectrometry (Canberra). 

For De determination, samples were prepared in a subdued red-light 
room. Samples were first wet-sieved through 180 μm sieve (mesh 80) 
and a 125 μm sieve (mesh 120) to obtain the sand fraction in range of 
125–180 μm. The obtained sand fraction was then treated with 10% HCL 
to remove carbonates until the chemical reaction ended and rinsed three 
times with clean water. Treatment by 30% H2O2 overnight was con-
ducted to eliminate organic matter, followed by rinsing three times with 
clean water. The samples were etched by 40% HF for 1 h to dissolve 
feldspar and the outer layer of quartz grains, and subsequently rinsed 
three times with clean water. Samples were oven-dried at 40 ◦C for 48 h 
and an iso-dynamic magnetic separator was used to discriminate the 
purified quartz from ferro-minerals. 

The purified quartz samples were prepared on a 10 mm diameter 
stainless steel discs which were coated with a 2 mm stamp of silicon oil 
(aliquots). The intensity of the OSL signal of the prepared aliquot sam-
ples was measured using a Risø TL/OSL-DA-15C/D reader at Freiburg. 
This reader is equipped with an internal 90Sr/90Y beta source (ca. 0.102 
Gy s− 1). Stimulation was done using blue LEDs emitting at 470 nm with 
detection by a bialkali EMI photomultiplier and by using 7.5-mm-thick 
Hoya U-340 filter. A preheat plateau test was applied to identify the 
most suitable preheat setting (220 ◦C for 10 s prior to all OSL mea-
surement). The single-aliquot regenerative (SAR) protocol was 
employed (Murray and Wintle, 2000). Twenty aliquots were measured 
per sample and analyzed using Analyst.V4.31.7 software. The individual 
De values were accepted in case recycling ratio was within 10% of unity, 
test dose error <10%, depletion ratio within 10% of unity, adequate 
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fitting of the growth curve and enclosure of De by regenerative doses. 
Very few aliquots had to be rejected and most samples show narrow and 
non-skewed De distributions. Mean De was computed either applying the 
Central Age Model (CAM) or the Minimum Age Model (MAM) (Galbraith 
et al., 1999). The MAM was used when the De distribution exhibited over 
dispersion more than 0.20 and positive skewness. ADELEv2017 software 
was used to determine dose rates and OSL ages (Degering and Degering, 
2020) using the measured sediment moisture (±10%) and calculating 
cosmic dose rate corrected for geographic position and sediment over-
burden (Prescott and Hutton, 1994). All ages refer to the year of sam-
pling (i.e., 2019) and are reported after being round to a five-year 
precision level. 

4. Results 

Based on their sedimentological properties and the sedimentological 
sequence, six distinct sedimentary units, named Unit I to Unit VI, were 
identified in transects 1 and 3 (Figs. 3 and 4, Tables 1 and 2). Each unit 
and its sedimentological properties are described below and are pre-
sented in online Supplementary Material. Additionally, deposits recog-
nized in the most seawards core of section 1 have been classified as 
monsoon-driven storm surges sediments (MSS) which are described 
together with the samples taken from the recent beach below. 

4.1. The sedimentological properties of beach and MSS sediments 

Recent beach sediment samples are characterized by greyish sand 
and have similar physical properties, including sphericity (high), 
roundness (sub-angular to rounded), and composition (Tables 1 and 2). 
They mainly consist of 96–97% quartz, 1–2% bioclasts, and 1–2% of 
heavy minerals, respectively. The organic matter content ranges from of 
0.96%–1.3% while the carbonate content ranges from 0.8% to 2.3%. 
Only a minority of foraminifera is detected. The sediments are fine (b1) 
to very fine (b2-b4), moderately well sorted sands. The grain size dis-
tribution of all four samples is fine-skewed and very leptokurtic. 

The sediments observed in core 1 (4–62 cm depth) are characterized 
by greyish sand with fragmented shells, exhibit slight laminated sand 
layers (Figs. 3 and 5 and Supplementary Fig. 1; Tables 1 and 2). They 
show varying sphericity and roundness, with their composition being 

predominantly quartz (96–99%), 1–2% bioclasts and 1–2% heavy min-
erals. Their organic matter content ranges from 0.7% to 1.8%, whereas 
the carbonate contents are in between 0.1% and 2.3%. Carbonate con-
tent correlates with depth, with low contents (0.1–0.9%) in the upper 25 
cm, increased content around the center of the core at depth of 26 
cm–38 cm (0.9%–2.3%), and medium carbonate content in the range of 
0.5%–1.1% in the lower portion of the core (Supplementary Fig. 1). Only 
a minority of foraminifera is detected. The fine to very fine sands are 
moderately well to well sorted and their grain size distribution is finely 
skewed and very leptokurtic. The sands show normal and reverse 
grading. 

4.2. Sedimentological characteristics of each unit 

In the stratigraphy of the cores retrieved in transect 1 and 3, six 
stratigraphic units can be identified which can be correlated between 
cores based on color, composition, sedimentary structures and grain size 
distributions (Figs. 3–6; Supplementary Figs. 1 and 2; Tables 1 and 2). 
From top to bottom these units are as follows: Unit I: organic-rich sandy 
topsoil (present surface), Unit II: 2004 IOT, Unit III: original surface 
before 2004 IOT, Unit IV: upper backshore, Unit V: upper foreshore and 
Unit VI: storm sediment. 

4.2.1. Unit I (Figs. 5 and 6; Supplementary Figs. 1 and 2; Tables 1 and 2) 
This unit is characterized by dark brown sand with a high organic 

matter content. This layer is present in all but core 2 and has a thickness 
of 3–6 cm. Grass and rootlets can be observed at the top of the layer. The 
transition to the underlying layer is gradational. Normal grading can be 
observed through all cores, while reverse grading is recognized in core 7. 

The layers contain predominantly quartz (98–99%), with minor 
heavy mineral content (1%) and bioclasts (1%), which is due to the 
presence of freshwater gastropods. The organic matter content of the 
layers is relatively high (0.8%–14%), while the carbonate contents are in 
between 0.1% and 1.1%. The fine and very fine sands are moderately to 
moderately well sorted and their grain size distribution shows a range of 
skewness (coarse skewed to very fine skewed) and are positive to very 
positive with regards to their kurtosis. 

Fig. 3. Detailed topography of Laem Son area in 
transect 1 showing the interpreted stratigraphy of 
cores 1, 2, 3 and 4. The OSL dating (a yellow circle) of 
D1-1, D1-2, D1-3, D2-1, D2-2, D3-1 and D3-2 indi-
cated the depositional ages as 40 ± 5 yr, 105 ± 5 yr 
and 140 ± 10 yr, 235 ± 15 yr and 255 ± 10 yr, 35 ±
10 yr and 260 ± 10 yr, respectively. MMS, monsoon- 
driven storm surges; 2004 IOT, 2004 Indian Ocean 
Tsunami; OSB, old surface before Indian Ocean 
Tsunami; UBS, upper backshore sediment; UFS, upper 
foreshore sediment. (For interpretation of the refer-
ences to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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4.2.2. Unit II (Figs. 5 and 6; Supplementary Figs. 1 and 2; Tables 1 and 2) 
The thicknesses of this layer ranges from 10 to 29 cm. Unit II is 

characterized by black to dark grey sand which has a gradational contact 
with the overlying topsoil layer (Unit I) and an erosional contact with 
the underlying darker sand layer of Unit III. Within the layer, slight 
lamination is also observed. Both normal and reverse grading are 
observed, as a landward decrease of grain size. Notably, no remains of 
marine organisms, not even as shell fragments, are not present in this 
layer. 

Composition wise they contain 99% quartz and 1% heavy minerals. 
The organic matter and carbonate contents range from 0.7% to 3.7%, 
and 0.01%–0.60% respectively. The fine and very fine sands of Unit II 
are moderately to moderately well sorted and their grain size distribu-
tion also shows a wide range for skewness (very coarse-skewed to very 
fine skewed) and their kurtosis is positive to very positive. 

4.2.3. Unit III (Figs. 5 and 6; Supplementary Figs. 1 and 2; Tables 1 and 2) 
This unit is characterized by blackish sand. The thicknesses of this 

layer ranges from 4 to 6 cm. The top boundary to Unit II is of erosional 
nature while it has a gradual basal boundary to the underlying Unit IV. 
Normal and reverse grading are observed within the unit. 

This Unit is comprised of 99% quartz and 1% heavy minerals. It has 
an organic matter content between 0.99% and 3.51%, while its car-
bonate content is ranging from 0.03% to 0.37%. The fine to very fine 
sands are moderately to moderately well sorted and their grain size 
distribution show a wide range of skewness and positive kurtosis. 

4.2.4. Unit IV (Figs. 5 and 6; Supplementary Figs. 1 and 2; Tables 1 and 2) 
This layer is characterized by orange to brown sand. The massive 

sand has a gradational contact with the overlying Unit as well as with 
the underlying Unit V. The thickness of the unit varies from 41 to 143 
cm, sedimentary structures include normal and reverse grading. 

The sands consist of 98–99% quartz, 0–2% bioclasts and 1–2% heavy 
minerals. The organic matter and carbonate contents of this unit range 
from 0.19% to 2.21% and from 0% to 2.21%, respectively. The fine to 
very fine sands are well to moderately well sorted. Their grain size 
distributions show a wide range of skewness and are positive to very 
positive with regards to their kurtosis. 

4.2.5. Unit V (Figs. 5 and 6; Supplementary Figs. 1 and 2; Tables 1 and 2) 
The thicknesses of the unit ranging from 5 to 58 cm. It should be 

noted that the thickness of the unit in core 8 and core 9 cannot is the 
minimal thickness. This unit is characterized by brown to rusty sand, 
with some parts showing a rusty mottled characteristic. It also contains 
remains of marine organisms (Ocypode ceratophthalmus: a kind of marine 
crab), which occur as concretions distributed throughout the layer 
(Fig. 5). The boundary to the overlying Unit IV is of gradational nature 
while the boundary to the underlying unit VI is erosional. Normal and 
reverse grading are observed. 

The sediments are comprised of 96–99% quartz, 1–3% bioclasts and 
1–2% heavy minerals. The organic matter and carbonate contents of the 
sediments in this unit range from 0.6% to 1.7% and from 0.2% to 3.7%, 
respectively. The fine to very fine sands which are well to moderately 
well sorted have a grain size distribution which is near symmetrical to 

Fig. 4. Detailed topography of Laem Son area in 
transect 3 showing the interpreted stratigraphy of 
cores 7, 8, 9 and 10. The OSL dating (a yellow circle) 
of D4-1, D4-2, D5, D6 and D7 indicated the deposi-
tional ages as 110 ± 10 yr, 135 ± 10 yr, 295 ± 15 yr, 
305 ± 15 yr and 340 ± 20 yr, respectively. 2004 IOT, 
2004 Indian Ocean Tsunami; OSB, old surface before 
Indian Ocean Tsunami; UBS, upper backshore sedi-
ment; UFS, upper foreshore sediment. (For interpre-
tation of the references to color in this figure legend, 
the reader is referred to the Web version of this 
article.)   

Table 1 
Range of sediment composition grain properties of the six identified units as well as the recent beach and monsoon sediments.  

Sediment types Quartz (%) Bioclast (%) Heavy mineral (%) Organic (%) Carbonate (%) Sphericity Roundness 

Recent beach sediment 96–97 1–2 1–2 0.96–1.54 0.83–2.18 High Sub-angular to rounded 
MMS sediment 96–98 0–2 1–3 0.74–1.84 0.11–2.29 Low to high Sub-angular to rounded 
Topsoil sediment (Unit I) 98–99 0–1 1–2 0.78–13.93 0.00–1.12 Low to high Angular to rounded 
2004 IOT sediment (Unit II) 99 0 1 0.72–3.68 0.01–0.60 Low to high Sub-angular to rounded 
OSB 2004 IOT sediment (Unit III) 99 0 1 0.99–3.51 0.03–0.37 Low to high Angular to sub-angular 
UBS (Unit IV) 98–99 0–2 1–2 0.19–2.21 0.00–0.80 Low to high Angular to rounded 
UFS (Unit V) 96–99 1–3 1–2 0.60–1.68 0.20–3.69 Low to high Sub-angular to rounded 
Storm sediment (Unit VI) 82–98 1–17 1–2 0.67–5.75 0.71–17.57 Low to high Sub-angular to rounded 

MMS, monsoon-driven storm surges; 2004 IOT, 2004 Indian Ocean Tsunami; OSB, old surface before Indian Ocean Tsunami; UBS, upper surface sediment; UFS, upper 
foreshore sediment. 
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very fine skewed. The kurtosis is of very leptokurtic nature. 4.2.6. Unit VI (Figs. 5 and 6; Supplementary Figs. 1 and 2; Tables 1 and 2) 
The thickness of the unit ranging from 3 to 58 cm. It should be noted 

that the thickness of the unit in cores 2 and 3 represents a minimum 

Table 2 
Range of grain size distribution parameters, sedimentary structures and marine fossil and microfossil for each stratigraphic unit.  

Sediment types Mean 
(phi) 

Sorting 
(phi) 

Skewness 
(phi) 

Kurtosis 
(phi) 

Mean Sorting Sedimentary 
Structure 

Marine fossil and 
microfossil 

Recent beach 
sediment 

2.91–3.1 0.50–0.52 0.08–0.17 2.30–2.54 Fine to 
very 
fine 

Well sorted to 
moderately well 
sorted 

– Foraminifera 

MMS sediment 2.66–3.1 0.45–0.53 0.08–0.25 2.30–3.05 Fine to 
very 
fine 

Well sorted to 
moderately well 
sorted 

Lamination, shell fragment Foraminifera 

Topsoil 
sediment 
(Unit I) 

2.37–3.21 0.47–0.96 − 0.68 - 
0.61 

1.85–4.63 Fine to 
very 
fine 

Well sorted to 
moderately sorted 

Gradational lower contact, normal and 
reverse grading 

– 

2004 IOT 
sediment 
(Unit II) 

2.29–3.13 0.56–0.90 − 0.57 - 
0.57 

2.04–4.44 Fine to 
very 
fine 

Moderately well 
sorted to 
moderately sorted 

Erosional lower contact and gradational 
top contact, slight lamination, normal 
and reverse grading, finning landward 
trend 

– 

OSB 2004 IOT 
sediment 
(Unit III) 

2.83–3.03 0.56–0.75 − 0.01 - 
0.58 

2.17–3.12 Fine to 
very 
fine 

Moderately well 
sorted to 
moderately sorted 

Erosional top contact, gradational 
bottom, sharp bottom contact, normal 
and reverse grading 

– 

UBS (Unit IV) 2.06–3.16 0.42–0.74 − 0.24 - 
0.69 

2.21–3.87 Fine to 
very 
fine 

Well sorted to 
moderately well 
sorted 

Gradational top and bottom contact – 

UFS (Unit V) 2.69–3.18 0.43–0.62 − 0.02 - 
0.43 

2.22–2.96 Fine to 
very 
fine 

Well sorted to 
moderately well 
sorted 

Gradational top contact and erosional 
bottom contact, shell fragment 

Crustacean, crinoid, 
foraminifera, 
ostracod 

Storm sediment 
(Unit VI) 

2.4–3.08 0.44–1.24 − 1.49 - 
0.28 

2.27–5.98 Fine to 
very 
fine 

Well sorted to 
poorly sorted 

Sharp erosional top contact, gradational 
top contact, normal and reverse grading, 
lamination, shell fragment 

Bivalve, spicule, 
foraminifera, 
ostracod 

MMS, monsoon-driven storm surges; 2004 IOT, 2004 Indian Ocean Tsunami; OSB, old surface before Indian Ocean Tsunami; UBS, upper surface sediment; UFS, upper 
foreshore sediment. 

Fig. 5. Close-up of the six sedimentary units from cores 1, 2, 3 and 4. In core 1, monsoon sediments are identified at 4–62 cm depth and are characterized by grey to 
orange sand with slight lamination. In core 2, Unit II is identified at 0–29 cm depth which is characterized as dark brown to orange sand. The erosional lower contact 
of Unit II with Unit III in core 2 is recognized at 29 cm depth. In core 3, Unit IV is identified at 4–50 cm depth and contain gradational lower contact with Unit V. In 
Unit V of core 3, the concretion and crab remain (Ocypode ceratophthalmus) are observed. In core 4, Unit VI is observed at 101–157 cm depth which is characterized as 
brown to grey sand with lamination at 123–133 cm depth and shell fragment layer at 149–157 cm depth. MMS, monsoon-driven storm surges; 2004 IOT, 2004 Indian 
Ocean Tsunami; OSB, old surface before Indian Ocean Tsunami; UBS, upper backshore sediment; UFS, upper foreshore sediment. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 
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thickness. This unit is characterized by brown to grey sand transitions 
between oxidizing and reducing environments are visible in several 
cores Generally, the upper boundary of the unit is gradual to the over-
lying Unit V while a sharp erosional upper contact is observed in core 10. 
The sedimentary structures include laminated sands and fragmented 
shell layers. Normal and reverse grading were observed. Numerous re-
mains of marine organisms were also identified such as bivalves, 
gastropod, scaphopod, spicule, foraminifera, ostracods and radiolarian. 

The main composition of the sediments is 82–98% quartz, 1–17% 
bioclasts and 1–2% heavy minerals. The organic matter and carbonate 
contents range from 0.7% to 5.7% and from 0.7% to 17.6%, respectively. 
The sediments of this unit are fine to very fine sands which are poorly to 
well sorted. The grain size distributions exhibit a wide range of skewness 
and are very leptokurtic to extremely leptokurtic. 

4.3. Grain size distributions 

In this section, we compare the grain size distribution curves of all 
sediments in each unit with the curves of the recent shore-normal beach 
samples (Fig. 7). All of four recent beach sediment samples show a 
unimodal distribution of fine and very fine sand. The MSS sediments 
show very similar grain size distribution to the recent beach sediments, 
exhibiting the same unimodal distribution (Fig. 7A). Units I to II exhibit 
a bimodal grain size distribution, with the majority of grains ranging 
from fine to very fine sand while a small proportion of the grains are of 
silt size (Fig. 7B–D). The peak of silt sized grains is much less pro-
nounced in Unit IV (Fig. 7E), where the majority of grains are very fine 
to fine sand size and the bimodality of the distribution becomes less 
pronounced. Unit V exhibits a unimodal distribution very similar to the 
recent beach sediments (Fig. 7F) while Unit VI displays a trimodal dis-
tribution with a major mode in the range of fine to very fine sand and 

two minor modes in the range of silt and medium to coarse sand 
(Fig. 7G). 

4.4. OSL dating 

The location of all 12 OSL samples is presented in Figs. 1C and 2C-E 
and the dating results are summarized in Table 3. It is noted that all OSL 
samples were determined for the UBS layer (Unit IV) below the 2004 IOT 
layer. In transect 1 (Figs. 2D and 3), three locations with OSL samples 
were designated as D1, D2 and D3. Location D1 consists of three OSL 
samples (D1-1, D1-2 and D1-3) stacked at different depth (40 cm, 50 cm 
and 60 cm). These yield OSL ages of 40 ± 5 yr, 105 ± 5 yr and 140 ± 10 
yr, respectively. Location D2 comprises two OSL samples (D2-1 at 30 cm 
and D2-2 at 40 cm) with depositional ages of 235 ± 15 yr and 255 ± 10 
yr, respectively. The sample at location D3 (D3-1 = 30 cm and D3-2 =
40 cm) has ages of around 35 ± 10 yr and 260 ± 10 yr, respectively. 

In transect 3 (Figs. 2E and 4), four locations of with OSL samples 
were designated as D4-7. Location D4 comprises two OSL samples (D4-1 
= 40 cm and D4-2 = 60 cm) with ages of 110 ± 10 yr and 135 ± 10 yr, 
respectively. OSL samples D5, D6 and D7 (all taken 40 cm below the 
surface) shown depositional ages of 295 ± 15 yr, 305 ± 15 yr and 340 ±
20 yr, respectively. 

5. Discussion 

5.1. Diagnostic key to identify monsoon sediments 

The sediments identified in core 1 (Figs. 3 and 5) are interpreted to 
have been deposited by wave action during the strong monsoonal con-
ditions with the high stress uni-directional wind patterns which create 
waves higher and stronger than normal conditions in the fair-weather. In 

Fig. 6. Close-up of the detailed sedimentary characteristics from cores 7, 8, 9 and 10. In core 7, Unit I is classified at 0–6 cm depth and are characterized as brown 
sand overlying Unit IV. In core 8, Unit II is identified at 4–14 cm depth which is characterized as dark brown sand with the erosional lower contact overlying the Unit 
IV. In core 9, Unit II is identified is observed at 3–15 cm depth and is characterized as black sand overlying the darker sand layer of Unit III in range of 15–19 cm 
depth. The lamination of Unit II in core 9 is recognized at 4–10 cm depth and the erosional lower contact with Unit III is recognized at 15 cm depth. In core 10, Unit V 
is identified at 103–115 cm depth which contain the erosional top contact with Unit IV at 103 cm depth and the sharp erosional lower contact with Unit VI at 115 cm 
depth. Unit VI in core 10 is observed at 115–150 cm depth which contain shell fragmented and lamination at 115–121 cm depth. 2004 IOT, 2004 Indian Ocean 
Tsunami; OSB, old surface before Indian Ocean Tsunami; UBS, upper backshore sediment; UFS, upper foreshore sediment. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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fact, the sediment transport process between strong monsoonal condi-
tion and high energy storm surge is the same, but different in wind and 
wave intensity which can limit inland. Three types of the terms can be 
classified based on the maximum sustained wind speed such as < 61 km/ 
h = Tropical depression, between 62 and 119 km/h = Tropical storm 
and >119 km/h = Tropical hurricane, cyclone, or typhoon (calling is 
based on the location of the ocean) (Kongsen et al., 2021a). Hence, the 
monsoonal wind can be regarded as a tropical depression which may 
vary in the maximum sustained wind speed. 

These monsoonal sediments are solely observed in core 1 and cannot 
be linked or correlated with units found in the other cores and sections of 

our study. The deposition of MSS is controlled by the irregular topog-
raphy of the coastal area, and they may be found inland of the beach 
ridges (Phantuwongraj et al., 2013). The fact that core 1 is much closer 
to the present-day shoreline than all other cores indicates that MSS in 
the study area is limited to the area close to the beach and does not occur 
further inland. The MSS have very similar sedimentary characteristics as 
the present-day beach sands which highlights that they are the result of 
processes which transport them from the beach inland to topographic 
lows where they are deposited. Moreover, the sedimentary structures 
observed in the MSS, including slight lamination, normal and reverse 
grading, can be interpreted as the result of the wave pulse processes 

Fig. 7. Comparison on grain size distribution curves 
of the recent beach sediments and various sediments 
from the study area. (A) Recent beach sediment (n =
4) and MSS sediments (n = 58), (B) Recent beach 
sediment (n = 4) and Unit I: topsoil sediments (n =
29), (C) Recent beach sediment (n = 4) and Unit II: 
2004 IOT sediments (n = 86), (D) Recent beach 
sediment (n = 4) and Unit III: OSB 2004 IOT sedi-
ments (n = 20), (E) Recent beach sediment (n = 4) 
and Unit IV: UBS (n = 458), (F) UFS (n = 4) and Unit 
V: paleo-beach sediments (n = 172), (G) Recent beach 
sediment (n = 4) and Unit VI: storm sediments (n =
169). Grain size distributions of the monsoon sedi-
ments, Unit IV, V, and VI are similar to the distribu-
tion of grain sizes at the present day beach. In 
contrast, the grain size distribution of Unit I and II 
show a shift towards coarser grain sizes. MMS, 
monsoon-driven storm surges; 2004 IOT, 2004 Indian 
Ocean Tsunami; OSB, old surface before Indian Ocean 
Tsunami; UBS, upper backshore sediment; UFS, upper 
foreshore sediment.   

Table 3 
Summary of the results of OSL dating with the concentration of a dose-relevant element (K, Th, and U), measured sediment moisture, the total dose rate (D), observed 
over dispersion (od), the applied age model (CAM = central age model; MAM = minimum age model), mean De, and resulting OSL age.  

Sample Depth (cm) K (%) Th (ppm) U (ppm) Th (ppm) Water (%) D (Gy ka− 1) n od Model De OSL (Gy) Age (yr) 

D1-1 40 0.29 ± 0.01 13.46 ± 0.11 3.55 ± 0.01 13.46 ± 0.11 19.5 0.614 ± 0.01 20/18 0.21 CAM 0.07 ± 0.01 40 ± 5 
D1-2 50 0.23 ± 0.01 21.90 ± 0.16 5.76 ± 0.02 21.90 ± 0.16 19.9 0.517 ± 0.01 20/19 0.07 CAM 0.29 ± 0.01 105 ± 5 
D1-3 60 0.27 ± 0.01 16.30 ± 0.12 4.66 ± 0.02 16.30 ± 0.12 19.6 0.605 ± 0.01 20/18 0.20 CAM 0.31 ± 0.02 140 ± 10 
D2-1 30 0.57 ± 0.01 6.50 ± 0.06 1.47 ± 0.01 6.50 ± 0.06 23.3 0.497 ± 0.01 20/18 0.21 CAM 0.30 ± 0.02 235 ± 15 
D2-2 40 0.62 ± 0.01 5.59 ± 0.05 1.11 ± 0.01 5.59 ± 0.05 27.4 0.481 ± 0.01 20/19 0.14 CAM 0.30 ± 0.01 255 ± 10 
D3-1 30 0.60 ± 0.01 4.76 ± 0.05 1.05 ± 0.01 4.76 ± 0.05 25.2 0.743 ± 0.01 20/16 0.44 MAM 0.04 ± 0.01 35 ± 10 
D3-2 40 0.38 ± 0.01 8.73 ± 0.07 2.01 ± 0.01 8.73 ± 0.07 24.8 0.970 ± 0.01 20/19 0.20 CAM 0.35 ± 0.02 260 ± 10 
D4-1 40 0.35 ± 0.01 6.62 ± 0.06 1.49 ± 0.01 6.62 ± 0.06 7.1 0.738 ± 0.01 20/20 0.33 MAM 0.14 ± 0.01 110 ± 10 
D4-2 60 0.26 ± 0.01 7.89 ± 0.07 2.04 ± 0.01 7.89 ± 0.07 17.1 0.738 ± 0.01 20/20 0.08 CAM 0.17 ± 0.01 135 ± 10 
D5 40 0.28 ± 0.01 11.19 ± 0.09 2.41 ± 0.01 11.19 ± 0.09 24.1 0.738 ± 0.01 20/18 0.14 CAM 0.44 ± 0.02 295 ± 15 
D6 40 0.41 ± 0.01 4.13 ± 0.05 0.68 ± 0.01 4.13 ± 0.05 32.0 0.738 ± 0.01 20/18 0.21 MAM 0.25 ± 0.01 305 ± 15 
D7 40 0.28 ± 0.01 5.88 ± 0.06 1.50 ± 0.01 5.88 ± 0.06 24.2 0.738 ± 0.01 20/19 0.20 CAM 0.38 ± 0.02 340 ± 20 

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%. 
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(Williams et al., 2016; Kongsen et al., 2021a; b). During field work traces 
of washover sediments were observed several tens of meters inland from 
the beach (Fig. 2A and B), which supports the interpretation that wave 
action occurs at times much further inland. 

5.2. Diagnostic key to identify a normal condition sediment deposit 

Based on their sedimentological properties (Supplementary Figs. 1 
and 2), four layers of normal condition sediment deposit (Units I, III, IV 
and V) were identified in the studied transects, of which Units I and III 
are classified as topsoil layers (Figs. 3–6). Unit I is characterized as dark 
black, fine-to very fine-grained sand, developed on top of the underlying 
Unit II, covered by vegetation and is thought to have formed after the 
deposition of Unit II during the 2004 IOT event. Unit III is also charac-
terized by black fine-to very fine-grained sand and developed on top of 
Unit IV. It has been eroded during the event leading to the deposition of 
Unit II and is thus interpreted as the surface or the topsoil layer prior to 
the erosion by the 2004 IOT (OSB 2004 IOT: old surface before 2004 
IOT). The main reason for interpreting Units I and III as topsoil layers is 
the high amount of organic matter and the low amount of carbonate. 
This implies a gradual in-situ soil formation over times without direct 
marine influence (Supplementary Figs. 1 and 2; Tables 1 and 2). While 
the organic matter and carbonate content in Unit III is similar to Unit II, 
we distinguish these by evidence for high energy processes at the base of 
Unit II, which resulted in the sharp erosional contact between the units. 
Furthermore, Unit III is darker in color (Figs. 5 and 6). 

Unit IV is interpreted as the old beach ridge sediments at the upper 
backshore zone (UBS layer) as it is characterized by yellow to orange, 
fine-to very fine-grained, massive sand with a low organic matter and a 
low carbonate content (0.2%–2.2% and 0%–0.8%, respectively) (Figs. 5 
and 6; Supplementary Figs. 1 and 2; Tables 1 and 2). It should be noted 
that no remains marine organisms (shells) were found in this unit. 
Visually, the striking feature of this unit is the color (yellow to orange) 
which can discriminate this unit from the other units. Additionally, the 
mean grain size of this unit seems to be coarser than other surrounding 
units, although this size is in the same range (fine-to very fine-grained 
sand). That is, the mean grain size of the beach ridge sediments ranges 
from 2.06 phi to 3.16 phi, while the mean grain size of unit III and V is in 
the range of 2.71 phi to 3.03 phi and 2.73 phi to 2.18 phi, respectively 
(Table 2). The existence of the gradational both top and bottom contacts 
of this unit also support the interpretation of this unit. 

Unit V can be distinguished from the other layers due to the lithol-
ogy, sedimentary structures, the percentage of organic matter and car-
bonate content and the existence of remains of marine organisms 
contain different compared to the storm deposit layer (Unit VI) 
(Figs. 3–6; Supplementary Figs. 1 and 2). Crab remains (Ocypode cera-
tophthalmus) are identified only in this layer (Fig. 5). The sediments of 
this unit are characterized by orange to dark brown, fine-to very fine- 
grained sand and contain organic matter in the range of 0.6%–1.7% 
and carbonate content in the range of 0.2%–3.7%. The main charac-
teristic of this layer is the massive sand which has a gradual contact with 
the overlying UBS sediments (Unit IV) and an erosional contact with the 
underlying storm deposits (Unit VI). Unit V is interpreted as an old beach 
in the upper foreshore zone (UFS layer) because it contains remains of 
marine organisms such as crustaceans (Ocypode ceratophthalmus) 
covered by carbonate concretions throughout the layer. Carbonate 
concretions are often found in the marine sediments where organic 
matter has been decomposed and they can preserve marine organisms in 
their center (Berner, 1968; Yoshida et al., 2018). The presence of very 
well preserved Ocypode ceratophthalmus remains, which are commonly 
found in between the upper foreshore slope and the backshore zone of 
present-day beaches (Lucrezi et al., 2009), indicates that this section can 
also be interpreted as a beach environment. 

5.3. Diagnostic key to identify high energy event sediments 

Shore-normal sedimentation in the littoral zone can be observed 
from Units I, III, IV and V as mentioned above, showing the difference of 
sediment characteristics in each unit such as dark black sand with a high 
amount of organic matter and the low amount of carbonate in Units I 
and III, yellow to orange sand with a low organic matter and a low 
carbonate content in Unit IV and orange to dark brown sand, a moderate 
organic matter and high carbonate content with Ocypode ceratoph-
thalmus in Unit V. However, the sediment characteristics observed from 
Units II and VI are different which are identified as high energy event 
deposit. 

Globally, high energy event sediments of both tsunami-induced and 
storm-induced deposits preserved inland have been extensively reported 
to include lamination, cross-bedding, mud rip-up clasts, normal and 
reverse grading, erosional and sharp contacts, thinning and finning 
landward, remains of marine organisms including corals (e.g., Atwater, 
1987; Bryant et al., 1992; Liu and Fearn, 1993; Moore, 2000; Donnelly 
et al., 2001; Fujiwara et al., 2003; Gelfenbaum and Jaffe, 2003; Pan-
egina et al., 2003; Liu, 2004, 2007; Donnelly, 2005; Higman et al., 2006; 
Moore et al., 2006, 2011; Satake et al., 2006, Choowong et al., 2007, 
2008, 2009. Elsner, 2007; Fagherazzi and Du, 2007; Hawkes et al., 2007; 
Monecke et al., 2008; Morton et al., 2007; Jankaew et al., 2008; Mon-
ecke et al., 2008; Feldens et al., 2009, 2012; Williams, 2010, 2013; 
Rhodes et al., 2011; Goff et al., 2012; Phantuwongraj and Choowong, 
2012; Phantuwongraj et al., 2013; Williams et al., 2016; Kongsen et al., 
2021a; b).). 

In our study area, the 2004 IOT sand sheet is interpreted to be rep-
resented by Unit II. The deposits are characterized by black to dark 
brown, fine-to very fine-grained sands (Figs. 5 and 6; Supplementary 
Figs. 1 and 2). Most of the 2004 IOT sediments are intercalated between 
the two topsoil units, i.e., the present land surface and the old surface 
before the 2004 IOT event (Unit III) (Figs. 5 and 6). It shows slight 
lamination and an erosional contact to the underlying Unit III as well as 
a gradational contact to the overlying Unit I. Unit II sediments are 
overlying sediments of Unit IV which have been dated by OSL to 35 ± 10 
to 40 ± 5 years (OLS samples D1-1 and D3-1). Using these ages as a cut- 
off reference age there are no other historical records of flooding in the 
study area within the last 50 years other than the 2004 IOT, which 
flooded the whole study area (Kendall et al., 2006; Choowong et al., 
2008). Thus, these sediments have to be the result of the 2004 IOT. 

In case of storm deposit, Unit VI, which is interpreted as storm sed-
iments, contains orange to dark grey, fine-to very fine-grained sands 
with a high organic matter content (0.7%–5.7%) and a high carbonate 
content (0.7%–17.6%). These laminated sands contain fragmented 
shells and shell fragment layer and have a sharp erosional contact with 
the overlying Unit V (UFS layer) and have a gradual contact with the 
sediments below (Fig. 6). It should be noted that although the structure 
of laminated sand can be usually observed in the shore-normal sedi-
mentation of the littoral zone, the percentages of the organic matter and 
carbonate content are sharply different when compared to shore-normal 
sedimentation of recent beach sediments, Units IV and V. That is, the 
overall carbonate content in Unit VI (storm deposits) is much higher, 
while recent beach sediments, Units IV (UBS) and V (UFS) has a lower 
carbonate content (Table 1) suggesting the different source of the 
transported material. In addition, the remains of marine organisms 
observed in this layer differ from those identified in recent beach sedi-
ment, Units IV and V, highlighting a shallow marine origin of the sedi-
ment. For example, Unit VI contains numerous bivalves, gastropod, 
scaphopod, spicule, foraminifera, ostracod and ostracod, while the 
recent beach sediment contains only a minority of foraminifera and the 
UFS (Unit V) contains a minority of foraminifera, and crustacean 
remains. 

In terms of thicknesses of the storm layer found in unit VI, it is 
apparent that a thinning landward trend do not occurred, although the 
base of this unit still cannot be discovered. Conversely, it shows 
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thicknesses of more than 50 cm at the most inner position as appeared in 
Core 4 which is contrast to several literatures reported about the criteria 
of storm deposit. However, in rare case, especially in the extreme storm 
event, thinning landward trend do not also recognize in storm deposit 
(Brill et al., 2016; Kongsen et al., 2021b). Moreover, the topographical 
configuration of study area tends to be higher landward and is blocked 
by the mountain behind (Fig. 1B and C). Thus, in the extreme case which 
the storm wave flooded the whole area, it is possible that the trans-
portation of the sediments would be blocked by the mountain and reflect 
in the pattern of backwash sedimentation, making it thinker landward 
other than thinner. 

For the reasons of interpreting this unit as storm deposits other than 
tsunami deposits, this can be explained from the sediment structure 
which reflect the different wave process between storm and tsunami. 
Flooding of tsunami in this study area is triggered from Sumatra- 
Andaman Subduction Zone generating a long wave train of tsunami 
directed toward the coast. Flooding in the area is prone to form massive 
sand with sharp erosional contact as observed from Unit II (Figs. 5 and 
6). Moreover, apart from the 2004 IOT layer, two more layers of tsunami 
event were identified from Phra Thong Island (Fig. 1A) that occurred ca. 
700-550 years and 2800-2500 years ago, respectively (Jankaew et al., 
2008; Brill et al., 2012). No lamination has been reported in these two 
tsunami layers. On the other hand, storm waves are resulted from the 
cyclonic wind circulation generating the strong and high wave in the 
pulsing pattern. Therefore, the presence of the laminated structure 
observed in Unit VI is more possible be a storm origin associated with 
the flow regimes and bottom current of the storm surge wave (Phantu-
wongraj et al., 2008). 

5.4. Environmental reconstruction 

The studied sediments (Supplementary Figs. 1 and 2) are mainly 
dominated by fine-to very fine-grained sand which show the deposi-
tional characteristics of sand-over-sand features which have variable 
composition. Sea level reconstructions of the Andaman Sea coast of 
Thailand show that sea level was 2.5–3.0 m higher than today around 
5000 years ago (Scheffers et al., 2012). Sea level gradually dropped and 
has been 0.4–1.0 m above present during the last 2500 to 500 years and 
has further declined to the present-day sea level since then. The lower 
most Units VI and V were interpreted to represent storm deposit and old 
beach deposits. The depositional age of these two units cannot be 
established because we cannot collect OSL sample at the lower most 
part. Moreover, two layers of tsunami event during ca. 700-550 years 
and 2800-2500 years ago dated by Jankaew et al. (2008) and Brill et al. 
(2012) did not recognized in this study area. However, based on our 
oldest OSL age that is 340 ± 20 years ago of Unit IV at 40 cm depth 
(Fig. 4), the deposition of these two units is expected to be older by 
forming somewhere around 2500-500 years ago. Along shore currents 
likely played a major role and supplied sediments from north to east 
(Brown, 2007). The formation of the UBS (Unit IV) was influenced by the 
dropping sea level since around 500 years ago, with oldest sediments of 
the beach ridge forming around 350 years ago at the location of core 10, 
then younger toward the sea and deposition occurring as recently as 35 
± 10 yr. Following sea level decrease Unit III filled the swales within the 
beach ridge and was later eroded by Unit II, the 2004 IOT deposits. 
These deposits were subject to soil formation during the last 18 years, 
leading to the development of Unit I. 

5.5. The 2004 IOT deposits 

Compared to the composition of the old beach and present-day beach 
deposits, which reflect the environmental conditions during normal 
shore sedimentation, the deposits of Unit II which was formed during the 
2004 IOT have a much lower carbonate content and no remains of 
marine organisms. The likely explanation for the absence of remains of 
marine organisms in the 2004 IOT layer is related to the energy of the 

tsunami flow and/or the insufficient quantity of core samples and het-
erogeneous distribution of the remains of marine organism (Kitamura 
et al., 2018). The comparison between 2004 IOT sediments in this paper 
and 2004 IOT sediments by Choowong et al. (2008) (Fig. 1B; about 500 
m south from the study area) reveals that the grain size and sorting of the 
sediments is slightly different. In this study, 2004 IOT sediments is in 
range of fine to very fine, moderately to moderately well sorted sand 
grain while Choowong et al. (2008) stated the grain size and sorting in 
range of medium to very fine, moderately sorted sand to silt. According 
to Choowong et al. (2008), the wave run-up of 2004 IOT in this area was 
3 m, while the wave run-up in the other affected places in Thailand was 
much higher such as Phra Thong Island (6–8 m), Pakarang Cape (15 m), 
Bang Niang and Khao Lak (9–10 m) and Phuket (4–7 m) (Fig. 1A). This is 
due to the original direction of the 2004 IOT wave train which affected 
various coastal places differently. In front of the study area many small 
islands occur which can serve as the natural buffer to attenuate and 
disrupt the energy of the tsunami wave train. This can directly influence 
the direction of the tsunami wave, tsunami wave height and intensity. 
The attenuated energy of the 2004 IOT wave train in the study area is 
reflected in the lower potential and capability of transporting and car-
rying suspended materials including marine species. Although the 
tsunami wave flooded the beach ridge of the study area, the intensity of 
the tsunami waves and its bottom current after flooded the beach ridge 
was low (Choowong et al., 2008) as evidenced by the erosion of the 
former surface (Figs. 5 and 6). Entrainment of remains of marine or-
ganisms was likely minor and deposition of these limited to the beach 
zone during flooding inland against the maximum height of the beach 
ridge (approx. 1.8 m above M.S.L in transect 1 and approx. 2.4 m above 
M.S.L in transect 3; Fig. 2D and E). While the wave was gradually rising 
till it flooded across the beach ridge, eroding parts of it and the inland 
swale. This is backed by the presence of the sharp erosional top contact 
in Unit III, and the similarity in color between the layers of the original 
surface and 2004 IOT (Figs. 5 and 6). Apart from the similarity of the 
color, the organic matter content between the 2004 IOT layer and the 
original surface layer is similar (Table 2). This illustrates that the sedi-
ment source of the 2004 IOT layer came from the beach. This sediment 
was then transported to the topographic lows behind the beach ridge 
and deposited. Note that this is in line with where Unit II can be found 
spatially: in the low topographic relief (swale) in cores 2, 4, 8, 9 and 10 
whereas not in the ridge areas in cores 3 and 7 (Figs. 3 and 4). This also 
matches local witness reports which indicate a slow moving tsunami 
wave train. This also explains why the tsunami deposits are relatively 
thin (maximum and minimum are 29 cm and 10 cm, respectively) 
compared to the wave run-up of approximately 3 m. 

5.6. Grain size distribution parameters and flow energy 

Analysis of the grain size distribution parameters and their correla-
tions, reveals several trends which can be used to identify the different 
depositional processes of the studied units. 

MSS and recent beach sediments are grouped in similar clusters in 
mean grain size versus sorting, sorting versus skewness, and sorting 
versus kurtosis plots (Fig. 8). This is because during monsoon-driven 
storm surge conditions average wind speed and wave height are closer 
to fair weather conditions than to high energy events. This is highlighted 
by the fact that inundation of monsoonal waves is limited to the beach 
zone (Phantuwongraj et al., 2008; Kongsen et al., 2021b). In rare cases 
monsoonal flooding may overtop the beach ridge and inundate the 
low-lying coastal area, however compared to high energy events the 
inundation is limited to short distances from the beach ridge. The similar 
grain size parameters also reflect the fact that the provenance of sedi-
ment transportation that indicated the beach deposits are the source of 
MSS deposits. 

The topsoil sediments mostly compounded with the 2004 IOT and 
the original surface before the 2004 IOT (OSB 2004 IOT) sediments 
(Fig. 8). The topsoil sediments were mainly originated from the 
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transportation of the rain, wind blown input, the chemical reactions and 
biodegradation. Hence, the dynamics of transportation is completely 
different from the other sediments which belonged to the long-distance 
transportation. However, the values of the grain size parameter change 
slightly. Grain size parameters of the topsoil units (Units I and III) fall in 
similar areas as the sediments of the 2004 IOT in all three plots (Fig. 8). 
This is not very surprising as the 2004 IOT eroded the underlying topsoil 
unit and reworked it only slightly, mixing it with sediments from the 
beach ridge which was also eroded by the high energy event. As the 
present-day topsoil developed in the 2004 IOT deposits, it has similar 
grain size parameters. However, the 2004 IOT sediments clearly can be 
differentiated from the other normal condition deposits and high energy 
deposits (Fig. 8B and C). 

Similarly, overlapping between OSB 2004 IOT sediments and the 
2004 IOT sediments was observed in every plot. Unsurprisingly, this 

overlapping suggested the original source of 2004 IOT sediments which 
was eroded by the inland tsunami wave train and transported the beach 
sediments. However, the 2004 IOT sediments can be separated from the 
sediments of recent beach, UBS, UFS and storm deposit (Fig. 8B and C). 

The UBS sediments seem to distribute strikingly and can be distin-
guished from other sediments, although some part compounded with the 
UFS. The UBS sediments mainly mixed with the sediments of storm 
deposit and UFS. The storm sediments can be distinguished from topsoil 
sediment, 2004 IOT sediment, OSB 2004 IOT sediment and some part of 
UBS sediments (Fig. 8). 

6. Conclusions 

In this study sediments of the Andaman Sea coast in southern 
Thailand are used to analyze the frequency of past high energy events 
such as tsunamis and extreme storms. This can be challenging in coastal 
areas where all preserved deposits have similar sedimentological char-
acteristics. The challenge is that in the coastal areas where contain the 
similar characteristic of the sediments such as the sediment type and 
grain size, it is relatively difficult to identify and differentiate the type of 
the coastal deposits. In this paper, the coastal area of Laem Son National 
Park, Andaman Sea, southern Thailand served as the suitable place to 
study the types of the coastal deposits using the multi-proxy data on 
stratigraphy, physical characteristic, grain size analysis, loss on ignition, 
remains of marine organisms and OSL dating. 

Our findings suggest that the coastal area of Laem Son National Park 
mainly consisted of eight sediment types including the normal recent 
beach, MSS, topsoil (Unit I), the 2004 IOT (Unit II), OSB 2004 IOT (Unit 
III), UBS (Unit IV), UFS (Unit V), and storm deposit (Unit VI). Every 
coastal sediment which was discovered here has shown the similar 
characteristics of grain size in the range of fine-to very fine-grained sand, 
but difference in physical properties (composition, roundness and 
sphericity), the statistical values of grain size parameters (mean grain 
size, sorting, skewness and kurtosis), remains of marine organisms and 
the percentage of organic matter and carbonate contents. 

Based on Laem Son stratigraphy, two layers of high energy deposits 
were discovered including 2004 IOT and paleo-storm. 2004 IOT layer 
was classified from slight lamination, sharp erosional lower contact with 
the OSB 2004 IOT, the absence of remains of marine organisms, a high 
amount of organic matter and a low amount of carbonate. On the other 
hand, the storm layer was identified based on lamination, shell frag-
ments, a high amount of organic matter and carbonate, the remains of 
marine organism including bivalve, gastropod, foraminifera, ostracod, 
scaphopod and radiolarian. Our OSL dating results suggests that the 
layer of the paleo-storm event which is located beneath the beach ridge 
layer was found at the age older than 350 years. The beach ridge for-
mation here starts forming somewhere during the age older than 350 
years to 35 ± 10 years which is the time of developing topsoil layer until 
the 2004 IOT event deposited and preserved in the Laem Son area. 
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Goff, J.R., McFadgen, B.G., Chaqué-Goff, C., 2004. Sedimentary differences between the 
2002 easter storm and the 15th-century Okoropunga tsunami, southeastern north 
island, New Zealand. Mar. Geol. 204 (1–2), 235–250. https://doi.org/10.1016/ 
S0025-3227(03)00352-9. 

Hawkes, A., Bird, M., Cowie, S., Grundy-Warr, C., Horton, B.P., Hwai, A.T.S., Law, L., 
Macgregor, C., Nott, J., Ong, J.E., Rigg, J., Robinson, R., Tan-Mullins, M., Sa, T.T., 
Yasin, Z., Aik, L.W., 2007. Sediments deposited by the 2004 Indian Ocean Tsunami 
along the Malaysia-Thailand peninsula. Mar. Geol. 242 (1–3), 169–190. https://doi. 
org/10.1016/j.margeo.2007.02.017. 

Heiri, O., Lotter, A.F., Lemcke, G., 2001. Loss on ignition as a method for estimating 
organic and carbonate content in sediments: reproducibility and comparability of 
results. J. Paleolimnol. 25, 101–110. https://doi.org/10.1023/A:1008119611481. 

Higman, B., Maxcia, C., Lynett, P., Alam, S., 2006. Horizontal and vertical grading in 
tsunami deposit. Eos. Trans. Am. Geophys. Union 87, 52. 

Jankaew, K., Atwater, B.F., Sawai, Y., Choowong, M., Charoentitirat, T., Martin, E., 
Prendergast, A., 2008. Medieval forewarning of the 2004 Indian Ocean Tsunami in 
Thailand. Nature 455, 1228–1231. https://doi.org/10.1038/nature07373. 

Kendall, M.A., Paterson, G.L.J., Aryuthaka, C., Nimsantijaroen, S., Kongkaeow, W., 
Whanpetch, N., 2006. Impact of the 2004 tsunami on intertidal sediment and rocky 
shore assemblages in Ranong and Phangnga provinces, Thailand. Phuket Mar. Biol. 
Cent. Res. Bull. 67, 63–75. 

Kitamura, A., Ito, M., Ikuta, R., Ikeda, M., 2018. Using molluscan assemblages from 
paleotsunami deposits to evaluate the influence of topography on the magnitude of 
late Holocene mega-tsunamis on Ishigaki Island, Japan. Prog. Earth Planet. Sci. 5, 
41. https://doi.org/10.1186/s40645-018-0200-y. 

Kongsen, S., Phantuwongraj, S., Choowong, A., Chawchai, S., Chaiwongsaen, N., 
Fuengfu, S., Vu, D.T., Tuan, D.Q., Preusser, F., 2021b. Barrier island sediments 
reveal storm surge and Fluvial Flood events in the past Centuries at Thua thien Hue, 
central Vietnam. Front. Ecol. Evol. 9, 1–22. https://doi.org/10.3389/ 
fevo.2021.746143. 

Kongsen, S., Phantuwongraj, S., Choowong, M., 2021a. Distinguishing Late Holocene 
storm deposit from shore-normal beach sediments from the Gulf of Thailand. Front. 
Earth Sci. 9, 1–18. https://doi.org/10.3389/feart.2021.625926. 

Kortekaas, S., Dawson, A.G., 2007. Distinguishing tsunami and storm deposits: an 
example from Martinhal, SW Portugal. Sediment. Geol. 200, 208–221. https://doi. 
org/10.1016/j.sedgeo.2007.01.004. 

Kumar, V.S., Babu, V.R., Babu, M.T., Dhinakaran, G., Rajamanickam, G.V., 2008. 
Assessment of storm surge disaster potential for the Andaman islands. J. Coast Res. 
24, 171–177. https://doi.org/10.2112/05-0506.1. 

Lay, T., Kanamori, H., Ammon, C.J., Nettles, M., Ward, S.N., Aster, R.C., Beck, S.L., 
Bilek, S.L., Brudzinski, M.R., Butler, R., DeShon, H.R., Ekstörm, G., Satake, K., 
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