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SCIENTIFIC CORRESPONDENCE

Forewarning of M 7.6 earthquake at Andaman Islands: where next?

On Monday, 10 August 2009 at 19:
55:39 Universal time (UT) (11 August
2:56 a.m., Thailand local time), an
earthquake of surface wave magnitude
(M) 7.6 occurred off the coast of Port
Blair, Andaman Islands, India'. This quake
(depth at 15 km of 13.991°:93.838°E)’
spawned a regional quake which was felt
up to some 600 km west of its epicentre.
At Thong Pha Phum, Kanchanaburi,
western Thailand, the quake started at
2:57 a.m. and persisted for more than
60 s. This earthquake is located about
200 km north of the pre-2004 rupture
areas related to the 1941 earthquake
(Figure 1).

According to the prediction made
before the 2004 Sumatran earthquakez,
this recent earthquake of M 7.6 at the
northern Sunda Trench was not the first
of its kind*. An earthquake with a magni-
tude up to M 8.0 was expected to recur at
157 + 43 years from the rupture zone of
Car Nicobar Islands after 1881 —i.e.

90°

between 1995 and 2081 (refs 5 and 6). At
southern Sunda Trench, seismological
data reveals that the recurrence of the
quake at Sumatra with a magnitude >M
9.0 may not be earlier than 140 years
from 2004 (ref. 7). Though this M 7.6
earthquake was about 500 km away from
the previously expected recurrent zone>s,
it confirmed the probable recurrence in
the pre-2004 rupture zone according to the
seismological and geological predictions.
To date, sedimentological evidence also
extends tsunami history for the Sunda
Trench region. If the youngest sand sheet
beneath 2004 tsunami layer found in
Thailand® and Indonesia’ is a predecessor
of the 2004 Indian Ocean tsunami, the
expected recurrence with a similar magni-
tude of tsunamigenic earthquake at
Sumatra is inferred to possibly recur in
the next 600 years. These issues chal-
lenge the scientists to narrow down the
prediction of the recurrence of such a
potential mega-tsunamigenic earthquake

° °

100 ?

15N A
B w76
2009}

Andaman
Sea

Gulf of
Thailand

Figure 1. Historical records of submarine earthquakes along Sunda Trench>®. The 2004
(M =9.1) event at Sumatra rupture extended to Andaman Islands (pale brown)”; green circles

indicate rupture zone for each event.

>
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spatially and temporally along the Suma-
tra~Andaman subduction zone. However,
the possibility of a local tsunamigenic
earthquake should also be taken into
account.

The M 7.6 earthquake provides a sig-
nificant scenario to be construed as an
early warning sign of the seismological
stress beneath the Sumatra—Andaman
subduction zone. It is interesting that the
trend of stress around this part of Indian
Ocean region may possibly be released
northward along the northern Sunda
Trench rupture zone (M 7.5, M 79, M
7.7, M 7.6 in 1847, 1881, 1941 and 2009
respectively). Statistically, the recurrent
interval of stress release along the north-
ern Andaman Trench is likely to be at
least 60 years. If this trend of stress
release is to the north, the possibility of
the next earthquake may regionally recur
either at the northern part of the Anda-
man rupture zone or at the western and
central parts of Myanmar.

In terms of geological setting, the M
7.6 (2009) quake may have generated
from a normal fault and not directly con-
nected to the major strike-slip active
fault in central Myanmar —the Sagaing
Fault (SF; Figure 2)'°. The north-south
SF is more than 1000 km length on land
and extends for 100km to its south
through the Andaman Sea and ending its
connection with the Sumatra-Andaman
subduction zone. The SF branches to the
two major strike—slip active faults of the
western Thailand — the Mae Ping Fault
(MPF) and the Three Pagoda Fault
(TPF). It is important to note that, if this
trend of stress releases to the north
around the northern part of Andaman
subduction zone, either the strike—slip SF
in Myanmar or the TPF and the MPF in
Thailand may further be subjected to lo-
cal movement. The movement of active
faults indicates the maximum earthquake
magnitude of M 8.5 (refs 10, 11) and M
6.3 (ref. 11) to M 6.9 (ref. 10) being gen-
erated along the SF and TPF fault zones.
Thus, all countries around Indian Ocean
(especially Thailand and Myanmar) need
to be cautious about the next possible
earthquake event.

The M 7.6 earthquake is primarily
categorized as magnitude intensity 11-111
(ref. 1), but such an earthquake magnitude
has rarely been felt by people living in
the countries east of the Sumatra—
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Figure 2. Major active faults (red) with their networks: Sagaing Fault (SF) in Myanmar, Mae
Ping Fault (MPF) and Three Pagoda Fault (TPF) in Thailand. Red star represents the recent
event of M 7.6 with the epicentre at northern Andaman Islands. Red dot shows the location of
Thong Pha Phum, Kanchanaburi where the quake was feit by the author. Bathymetric contours
indicated in blue. Green shade represents extensional basin in Andaman Sea.

Andaman subduction zone. Within an
hour of the occurrence of the quake, the
Pacific Tsunami Warning Centre sent a
message alerting all the countries around
the Indian Ocean for a possible teletsu-
nami. Fortunately, no teletsunami hit the
coastal region and the warning message
was withdrawn a couple of hours later.
Most importantly, such a M 7.6 earth-
quake has the potential for local tsunami

generation and what would happen if an
earthquake of equal or greater magnitude
occurred in the night when people living
in Indian Ocean coastal zone are asleep.
This event, certainly, cannot be ignored
and could be counted as one of the
significant signs of early forewarning for
future earthquakes and tsunamis that may
recur at countries around Indian Ocean.
These countries need to plan for the

mitigation of earthquakes and night-time~
tsunamis that might recur in the next
hundred years.
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Abstract Along the Andaman (west) coast of Thailand, the 2004 tsunami depositional
features associated with the 2004 tsunami were used to describe the characteristics of
tsunamis in a place far away from the effect of both recent and ancient storms. The current
challenge is that a lack of precise sedimentological characteristics have been described that
will differentiate tsunami deposits from storm deposits. Here, in sedimentological senses,
we reviewed the imprints of the sedimentological characteristics of the 2004 tsunami and
older deposits and then compared them with storm deposits, as analyzed from the deposits
found along the eastern (Gulf of Thailand; GOT) coast of Thailand. We discuss the
hydraulic conditions of the 2004 tsunami and its predecessors, on the Andaman coast, and
compare them to storm flows found on the coast of the GOT. Similar to an extensive
tsunami inflow deposit, a storm flow overwash has very similar sedimentary structures.
Well-preserved sedimentary structures recognized in sand sheets from both tsunami and
storms include single and multiple normal gradings, reverse grading, parallel, incline and
foreset lamina, rip-up clasts, and mud drapes. All these sedimentary structures verify the
similarity of tsunami and storm inflow behavior as both types of high-energy flow start to
scour the beach zone. Antidunes are likely to be the only unique internal sedimentary
structures observed in the 2004 tsunami deposit. Rip-up clasts are rare within storm
deposits compared to tsunami deposits. We found that the deposition during the outflow
from both tsunami and storms was rarely preserved, suggesting that it does not persist for
very long in the geological record.

Keywords 2004 Indian Ocean tsunami - Storm surge - Washover deposits - Flow regime -
Andaman coast
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1 Introduction

The 2004 Sumatra—Andaman tsunami event strengthened seismological and geological
research worldwide. Among geological studies, the sedimentological works on tsunami
sand sheets and ancient deposits onshore, derived from observations made on both sides of
the Pacific after the 1960 Chilean tsunami, have expanded in the two past decades (Konno
et al. 1961; Wright and Mella 1963; Atwater 1987; Dawson et al. 1988; Bourgeois et al.
1988; Long et al. 1989; Minoura and Nakaya 1991; Bryant et al. 1992; Hindson et al. 1996;
Bondevik et al. 1997; Clague et al. 2000; Moore 2000; Goff et al. 2000, 2004; Fujiwara
et al. 2003; Pinegina et al. 2003; Nanayama et al. 2003; Nelson et al. 2004; Cisternas et al.
2005; Williams et al. 2005; Nanayama and Shigeno 2006; Jaffe and Gelfenbaum 2007,
Dawson and Stewart 2007). Most researchers have reported relatively in depth descriptive
results on both the physical characteristics of modern and ancient tsunami deposits.
However, only a few publications in the past decade have provided key analogs for the
comparisons of the depositional characteristics of the modern and ancient tsunami deposits,
and the same for the storm deposits from the Pacific side, in the past decade (Nanayama
et al. 2000; Tuttle et al. 2004; Morton et al. 2007). This issue is limited to the deposits
found only from those countries that are located close to the Pacific plate boundary.
Because there are few written records of giant tsunamigenic earthquakes around the Indian
Ocean before the 2004 event, less attention has been paid among the local geoscientists to
make a concrete research on the comparison of characteristics between tsunamis and storm
deposits. Therefore, the search for traces of ancient tsunamis and storms from the Indian
Ocean side is still required.

The understanding of the physical and biological characteristics of the 2004 Indian
Ocean tsunami deposits has improved following investigations focused on the effect of a
tsunami at the regional scale, that included physical and biological descriptions of tsunami
deposits from the coastal zone. Recently, this work has been extended to include areas,
where the tsunami produced onshore sand sheets near the tsunami’s source, such as in
Indonesia (Moore et al. 2006), and along shores more than 500 km away from the source
such as India (Chadha et al. 2005; Nagendra et al. 2005; Singarasubramanian et al. 2000;
Bahlburg and Weiss 2007), Sri Lanka (Goff et al. 2006), Malaysia (Hawkes et al. 2007),
Thailand (Szczucinski et al. 2005, 2006; Rhodes et al. 2007; Choowong et al. 2007, 2008a,
b, 2009; Hawkes et al. 2007; Hori et al. 2007; Umitsu et al. 2007), Myanmar (Satake et al.
2006), and Kenya (Bahlburg and Weiss 2007). Most researchers have provided results on
the detailed analysis of the facies, thickness, grain-size changes, and biological clues
within tsunami deposits.

Along the Andaman coast of Thailand, several recent publications have revealed the
local relationship among the 2004 tsunami deposits, coastal morphology, and run-up
heights (Choowong et al. 2007; Umitsu et al. 2007; Hori et al. 2007). Other publications
have analyzed the record of micro-fauna in the tsunami deposits in relation to the flow
conditions (Hawkes et al. 2007; Sawai et al. 2009). A few publications have provided
information on the nature of the hydraulic condition of tsunami flows, especially how large
and how fast the tsunami was that created the different sequences of observed deposits
(Higman et al. 2006; Choowong et al. 2008a). In addition, an offshore geological surveys
along a part of the Andaman Coast was reported recently (Di Geronimo et al. 2009), and
the deposits from tsunamis that predate the 2004 tsunami were discovered in Thailand and
Indonesia (Jankaew et al. 2008; Monecke et al. 2008; Fujino et al. 2009), subsequently,

leading to the prediction in a regional possibility of tsunamigenic earthquake along Sunda
Trench (Choowong 2010).
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After typhoon Nargis hit the west coast of Myanmar in 2008, the awareness of storms
and tsunamis has spread to the Indian Ocean societies and is the focus of this paper. From
written records of coastal disasters, Thailand has experienced at least three storm surge
events in the coastal area along the GOT—two of these were induced by a typhoon and one
was related to a tropical storm. In 1962, the “Harriet” tropical storm generated an unusual
surge at the Laem Talum Puk sand spit in southern peninsular Thailand (Fig. 1a). It caused
serious damage to infrastructures and more than 900 casualties were reported (Kanbua
2008). Two decades later, 1989 typhoon Gay hit with a maximum wind speed of 190 km/h
and caused a storm surge flood over the northern part of the Chumphon coastal plain
(Fig. 1b). In 1997, a storm surge from typhoon Linda hit the coastal area with its major
track way crossing the Prachuap Khiri Khan area, along the western side of the Gulf (see
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Fig. 1 Setting. a Location map of the main geographic provinces from the Andaman and Gulf of Thailand
(GOT) coasts. b Physiographic map of the Indian Ocean region, the location of the 2004 earthquake
epicenter, and records of the three severe storm track ways in the GOT. ¢ Sample collection map with the
local geographic names mentioned in the text; dots represent localities of the 2004 tsunami deposits; square
is the location of the predecessor of the 2004 tsunamis found at Phrathong Island (Jankaew et al. 2008); dark
stars represent locations where we found 2004 tsunami bedforms. d Localities where we surveyed storm
deposits along the GOT
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location in Fig. 1). All these decadal frequencies of typhoons and storms clarify the need
for a detailed and definitive research.

Finding records of previous tsunamis and storms is geologically challenging. A few
attempts have been made to describe storm deposits in Thailand, but no precise criteria
were established for distinguishing them from other sources. Although the 1989 typhoon
Gay ran across Thailand from the GOT to the Andaman coast, it did not register any
sedimentological clues along the Andaman coastal plain. Only a few records of storm
deposits onshore at locations along the GOT coastal area have been reported (Roy 1990;
Phantuwongraj et al. 2008, 2010; Phantuwongraj and Choowong 2010).

In this paper, we summarize and review all the significant characteristics of the 2004
deposits from the Andaman coast (Fig. 1c) based solely on the descriptive sedimentology.
We also discuss the stratigraphical records of the inflow and outflow from both the tsunami
and storm deposits. The localities where we discover sand sheets, possibly deposited from
ancient storms, as a candidate distinctive marker are registered (Fig. 1d).

The term “tsunami deposit” and “storm deposit” as used in this paper refer to the
sediments formed from a wide range of tsunami and storm flow conditions, respectively.
Both deposits can be generated by inflows (or overwash surges) and outflows (or return
flow or backwash flows). In the case of the 2004 tsunami deposits found in Thailand, the
bedform was produced in the depositional stage either during the tsunami inflow or out-
flow. In fact, bedforms are both a surficial and primary sedimentary structure; structures
that form at the time of deposition of the sediment in which they occur and reflect some
characteristics of the depositional environment. A unit of tsunami deposit means an
accumulation consisting of a single or more layers, where a layer presents a single normal
or reverse grading. Units are separated by an erosional surface with a sharp contact
between layers (Choowong et al. 2008a).

During a coastal storm, both erosional and depositional features are usually formed by
the overwash flow. Overwash is the flow of water and sediment over a beach crest that does
not directly return to the water body where it originated (Donnelly and Woodruff 2007). It
begins when the run-up level of waves, usually coinciding with a storm surge, exceeds the
local beach or dune crest height. A decrease in overwash flow velocity on the landward
side of the beach or barrier results in deposition bodies as sediment, the washover deposit,
which is one of the most commonly observed depositional features related to extreme
storm events (Morton and Sallenger 2003; Wang and Horwitz 2007). In this paper, was-
hover deposit refers to the bodies of sediment that are the result of a storm-induced
overwash flow. As storm deposits are the result of a high-energy process, they may have a
similarity in sedimentary characteristics and may leave marine traces in coastal strati-
graphic sequences like those of tsunami deposits. However, storm deposits have sedi-
mentary characteristics that may be useful in distinguishing tsunami from storm deposits.

2 Setting and method

We analyzed the sedimentological characteristics of the 2004 tsunami and its precedents
from the Andaman coast of Thailand (Fig. 1c, d), whereas, storm deposits were mostly
investigated from the GOT coast (Fig. 1a, d). In the case of tsunamis, the characteristics of
the 2004 tsunami deposits and its predecessor in Thailand were inferred mostly from
Choowong et al. (2007, 2008a, b, 2009) and Jankaew et al. (2008). We, thus, focus in this
paper the comparison of the 2004 tsunami and its precedent in one place, where both
deposits were officially reported that is the Phrathong Island. In the case of storm deposits,
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we based this analysis solely in places where the work by Phantuwongraj et al. (2008,
2010), Phantuwongraj and Choowong (2010) was reported. The localities of the geological
evidence for the tsunami deposits and the storm-induced washover deposits were recorded
and analyzed from more than fifty sites both at the west (Andaman) and the east (GOT)
coasts (Fig. 1b, d).

Previous tropical storms and typhoons in Thailand were generated in the South China
Sea, Pacific Ocean, and the GOT. We traced the deposit from the storm surge of the last
three catastrophic storm events along the GOT in the Southern peninsular, with these storm
track ways shown in Fig. 1b. In this paper, we focus on the four areas within these storm
tracts that have an appropriate environmental setting (Fig. 1d). The first is at the Thap
Sakae area and is the northernmost of the four areas. Its topography exhibits a pocket beach
plain with one swale between the beach ridge and the dune. The second site is at Panang
Tak area, where the geomorphic condition shows as a paleo-lagoon about 1 km inland
from the present shoreline. Its present topography becomes a large swale (approximately
300 m wide) between relict beach ridges. Multiple layers of sand sheets were found
intervening between muddy layers in this swale. The third area is located south in the Tha
Chana area, where storm deposits were found as a single sand sheet between muddy layers
in a small swale behind the outer beach ridge that is overtopped by a series of washover fan
lobes. Finally, the fourth area is located at the Talumpuk Cape sand spit, where the storm
deposit was found as a washover fan behind the beach ridge at the middle and as a chenier
at the distal part of the sand spit.

In the field, we firstly used a hand auger to recognize the general stratigraphy of ancient
tsunamis and storm deposited material, mostly focusing on the swale. Pitting and trenching
down to the original burial soil or beach sand were then carried out along each transect.
Shore-normal transects perpendicular to the recent shoreline were carried out, and a
detailed topographic survey was performed along all transects. Sand sheets from each pit
and auger were collected from each layer of tsunamis and storm depositional sequences.
Bulk samples were also collected from a unit. In the case of the 2004 tsunami deposited
onshore, we made several transects and trenches. Lunch-box samples were also applied for
soft X-ray radiography in place where the preservation of the deposits made it likely that

we could detect internal sedimentary structures. Grain size analyses by sieving, settling
tube, and laser granulometry were done.

3 Results
3.1 Characteristics of the 2004 tsunami and predecessor deposits

Close to the shore, the thickness and grain size of the 2004 tsunami deposits from the
Andaman coast of Thailand showed landward thinning and fining, respectively (Szczucinski
et al. 2005, 2006; Rhodes et al. 2007; Choowong et al. 2007, 20084, b, 2009; Hawkes et al.
2007; Hor et al. 2007; Umitsu et al. 2007). The deposits, generally, consist of fine- to
coarse-grained sands with one or more normally graded layers. Reverse grading of medium
to coarse sands predominated at the base of a tsunami sequence and was mostly deposited
during the inflow (Choowong et al. 2008b), and is superimposed by multiple normally
graded layers of fine- to medium-grained sand (Higman et al. 2006). Particular internal
structures of landward-inclined laminae were used to infer the first tsunami inflow sequence
(Choowong et al. 2008b; Sawai et al. 2009) (Table 1). Interestingly, mud drapes within sand
layers were rare and were inferred to have been deposited after the tsunami reached a
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Table 1 Typical stratigraphy of the 2004 tsunami inflow and outflow from Thailand with recognizable
internal sedimentary structures and inferred flow conditions

Typical 2004 tsunami stratigraphy Observed sedimentary structures  infersed flow conditions
Outflow Condition Flow regime
NMud cap
Single normal Praealiel faminge st ent s
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maximum height, and then, stabilized for a few minutes before multiple surges arrived
(Choowong et al. 2008b).

However, the difficulty in distinguishing between the inflow and outflow layers of
the 2004 tsunami deposits has arisen because there are very few sets of internal sed-
imentary structures that can positively identify the outflow. The occurrence of a thin
layer of mud drape in between normal grading layers seemed to be the only possible
indicator since it is deposited during the short stagnant period of tsunami after a
continuous inflow wave stopped (Choowong et al. 2008b). However, a mud cap on top
of the tsunami bedforms was rarely preserved (Choowong et al. 2007, 2008a). Rip-up
clasts from buried soil are common within the 2004 inflow tsunami and ancient tsunami
deposits (Fig. 2).

Two paleotsunami sand sheets (Fig. 3) resemble the characteristics found with the
overlying 2004 deposit at Phrathong Island (Jankaew et al. 2008; Fujino et al. 2009). Both
paleotsunami sand sheets are commonly 5-10 cm thick and contain coarse to very coarse
sand and form a discontinuous basal layer that fills the pre-existing pockets in the
underlying soil. The sand sheets show overall landward thinning and fining (Fujino et al.
2009) and contain horizontal laminae, rip-up mud clasts, and leaf fragments (Jankaew et al.
2008; Sawai et al. 2009). The lower sheet was formed sometime after 2,200-2,400 sidereal

years ago, whereas the upper sheet was deposited about 550-700 sidereal years ago
(Jankaew et al. 2008).

3.2 Storm deposits

Storm-induced washover deposits along the coastal area of the GOT are composed of
medium- to very fine-grained sand and usually showed a normal grading and planar
stratification. The grain size and thickness of the sand sheet are slightly decreased and
thinned landward, respectively. Storm deposits are well-sorted and their major composition
consists of quartz, bioclasts, and localized heavy minerals. The maximum thickness of
storm deposits we found was 65 cm, which being at the Talumpuk Cape sand spit con-
tained mostly fine sand to medium sand with a multiple lamina set of shell fragments
(Phantuwongraj et al. 2008). The difference in the thickness of the sand sheet depended on
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Fig. 2 Internal sedimentary structures of the 2004 tsunami deposited in wet- and dry-swales from
Phrathong Island. a the nature of dry swale (photo taken in 2006). b and ¢ the 2004 tsunami deposit with
grasses flopped landward and rip-up sand clasts. d and g wet swale with no bioturbation. e and f post-2004
tsunami deposits reworked by surface runoff in wet swale and mud draped in 2004 tsunami deposits. h and
i 2004 tsunami deposits within a micro-trough with slumped rip-up sand clasts along slope

the intensity of storm, type of washover deposits, source of sediment, and local micro-
topography, very much like that for tsunami deposits. Foreset bedding is also found at the
distal end of the washover fans with a landward dip angle of 22 and 9 degrees at the Tha
Chana area (Fig. 4a, b) and Talumpuk Cape (Fig. 5a, b) area, respectively. At the Tha
Chana area, two sets of foreset bedding were clearly observed with a thickness of 40 and
20 cm for each set. Additionally, the postdepositional deformed features are recognized on
the topset of the washover deposit (Fig. 4c). Normally, foreset bedding structures are only
found in storm deposits with a thickness of more than 20 cm, while the thinner sand sheets
show only planar bedding. Debris such as rocks, rope, net, plastic bags, asphalt, and part
of a tree were also found in the storm sand sheet at Talumpuk Cape and Thap Sakae
(Fig. 4d—f), suggesting the high intensity of the storm surge event. Rare rip-up clasts from
buried soil were also found.

At the Panang Tak area, at least nine sand sheets of possible paleo-storm origin from 18
cores were found with a sharp contact the intervening muddy layers in the wet swale
(Fig. Sc, d). Most of the sand layers are 2-5 cm thick, containing fine- to very fine-grained
sand. The thickest layer was found at a depth of about 110-140 cm and consisted of
medium- to very fine-grained sand. Normal gradings with well-sorted particles in each
sand sheet were obviously cleared. Shell fragments were found in the sand layer, while the
articulated shells were found only in the mud layer. Disarticulated shells in the sand sheet
indicated transportation process, while articulated infers in situ deposit in its living
position.

The composition of the washover deposits varied as a result of the difference in local
source materials (Nanayama et al. 2000; Sedgwick and Davis 2003; Morton et al. 2007).
General washover sedimentary structures are normal grading, reverse grading, laminae of
shell and heavy minerals, planar laminae and no textural trend, which is similar to those
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Fig. 3 Sedimentological characteristics of the pre-2004 tsunami deposits from Phrathong Island. a three
tsunami sand sheets including 2004 on top and ancient deposits at 550-700 years, 2,200-2,400 years
(Jankaew et al. 2008). b parallel stratifications in the 2004 tsunami, and rip-up clasts in the pre-2004,
deposits. ¢ close-up of rip-up clasts in b

reported by Andrews (1970), Kortekaas and Dawson (2007), Morton et al. (2007),
Phantuwongraj et al. (2008), Leatherman and Williams (1983), Davis et al. (1989),
Sedgwick and Davis (2003).

4 Tsunami versus storm
4.1 Depositional styles and characteristics

The tsunami and storm flows mostly limit their depositional characteristics from place to
place. We recognized that both high-energy flows revealed a variation in the style of
deposition that generally depended on (1) the frequency of inflow waves, (2) the difference
in the source of the deposit that is reflected in the difference in grain size and grain
concentration in the flows, and (3) the local change in micro-topography. We found that, in
the case of tsunami, the multiple normal gradings are likely formed by the multiple
and continue surges in one wave train. For example, at Bangtao area, Phuket Island,
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Fig. 4 Storm depositional characteristics from the GOT. a-morphology of the washover fan lobes from Tha
Chana. b internal stratigraphy at a distal part of the washover deposits from Tha Chana. ¢ sketch of two
foreset lamina from b. d and e setting of the area flooded by a storm at Thap Sakae. f debris in storm sand
sheet

eyewitnesses confirmed that the area was hit by five inflows. The first inflow did not cross
the beach ridge, only the second and the third inflows flooded over land and left behind the
multiple normal gradings of tsunami deposits with a limit of landward extent of about
400 m. The fourth and fifth inflows came a few minutes after the seawater revision back to
the normal shoreline level and, importantly, they did not flood over the beach ridge zone.
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Fig. 5 Modern and ancient storm deposits from the GOT. a modern washover features at Talumpuk Cape
sand spit. b multiple normal gradings in a modern storm-induced washover deposits from a. ¢ large wet
swale at Panang Tak bay. d nine sand sheets of candidate ancient storm deposits in swale with their
sedimentological characteristics
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The deposit also reflected two distinguishable units separated from each other by the
intervening erosional surface between units (Choowong et al. 2008a). This is important to
note here that a number of multiple grading structures in the 2004 and paleo-tsunami sand
sheets may not necessary represents a number of inflows.

The difference in offshore configurations reflected the variety of grain size and grain
concentration within the 2004 tsunami inflow. In places where the shoreface slope is
gentle, much of the shoreface sediments were entrained onshore, like at the Khao Lak area
(Choowong et al. 2009; Di Geronimo et al. 2009) and Lamson National Park (Choowong
et al. 2008b). Much of shoreface sediments and eroded beach sand seemed to have been
transported and deposited continuously, as confirmed by the presence of multiple normal
gradings without any sharp contact between sand units.

One of the similar and common depositional features from both types of high-energy
flow is a normal grading. In fact, normal grading is common in numerous kinds of sedi-
mentary deposits, including beach foreshore and berm overwash laminations (Clifton
1969; Fisher 1971; Schwartz 1975; Leatherman et al. 1977), foresets of eolian and sub-
aqueous dunes (Bagnold 1941; Inman et al. 1966; Hunter 1976), and the basal parts of
some coarse-grained turbidites (Sanders 1965; Walker 1975) in both modern and paleo-
tsunami deposits (Higman et al. 2006; Morton et al. 2007; Jankaew et al. 2008). Like the
normal grading that is common in the 2004 tsunami deposits, reverse grading has been
reported from Thailand at the north of Pakarang Cape, Phang-nga (Higman et al. 2006),
and Lamson National Park, Ranong (Choowong et al. 2008b). A thin layer of reverse
grading was also recognized in a storm deposit 65 m away from the present shoreline at
Tha Chana, Surat Thani (Phantuwongraj et al. 2008). These then support that reverse
grading can be formed by both tsunami and storm-derived high-energy flows due to the
high grain concentration and mutual collisions among grains within a traction carpet or
grain flow and were possibly formed at the initial stage of inundation with a low water
depth (Choowong et al. 2008b; Phantuwongraj et al. 2008).

4.2 Flow conditions

Normally, tsunami-related deposition involves four progressive steps: (1) triggering stage
(offshore), (2) tsunami stage (incoming waves), (3) transformation stage (near the coast),
and (4) depositional stage (outgoing sediment flows) (Shanmugam 2006). Judging from the
videos and photographic recordings, the 2004 Indian Ocean tsunami at the Andaman coast
of Thailand generally started with a withdrawal of seawater at several places. After that,
the first tsunami wave arrived with a large amount of shoreface sediments carried within
the tsunami turbulent head (Toualalen et al. 2007; Di Geronimo et al. 2009). In the case of a
storm flow, it seems likely that the storm process contains only the transformation and
deposition stages. Here, in this section, we focus on the discussion of the 2004 tsunami and
general storm flow conditions during the transformation stage to the depositional stage as
both stages are directly related to the deposition found extensively on land. In the case of
the tsunami depositional stage, the processes start suddenly and span from just minutes to a
few hours in duration, while storm flooding is commonly of a longer time course ranging
from hours to days (Morton et al. 2007).

During the transformation stage, we hypothesize that tsunamis likely entrained much
deeper offshore and shoreface sediments than storms did. Benthic fauna found within
tsunami and storm deposits may be used to confirm this hypothesis. During the depositional
stage, tsunami and storm deposits are generally formed under similar flow patterns. The
sedimentary features of the 2004 tsunami and those of storms mostly have similar internal
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structures. Within the literature, tsunami deposits contain an enormous variability of fea-
tures (e.g., planar stratification, inclined lamination, cross-laminations, imbrication of
gravels, normal-graded sand, dispersed mud and mudstone clasts, hummocky cross-strati-
fication, etc.). Likewise, many of these features could be found in storms (tempestites) as
well.

4.2.1 Transformation stage

During the transformation stage near the coast, the initial tsunami wave and storm surge
was expected to be an erosional wave (turbulent head) (Fig. 6a), which moved shoreface
sediments onto the beach zone as the wave moved along the shoreface and became
turbid sediments. Subsequently erosion happened again and beach sediments were
stirred up resulting in a mixture of mixed beach sediments with shoreface sediments
within the turbulent tsunami and storm surge head as they ran onto the land (Fig. 6a).
Notably, the tsunami brought sediments and benthic fauna (Hawkes et al. 2007; Sawai
et al. 2009) possibly from much deeper depths from the offshore than those carried by
storms.

4.2.2 Depositional stage

Tsunami and storm depositional stages occur after their turbulent head hits the beach zone,
causing a decreased flow speed (Fig. 6b). Under the condition that the tsunami head may
contain a higher percentage of grain concentration in the flow than that for a storm, then a
tsunami likely contains a good deal of both bed load and suspended load deposited on the
ground surface as bed sediments. The high grain concentration inflow and fast flow speed
also favored the occurrence of reverse grading, as is commonly seen for tsunamis. Once the
tsunami head arrived on land, bedforms, indicators of bed load transport, persisted as ripple
cross-lamination, or other cross-bedding, as exemplified in the Bangtao area, Phuket Island
(Choowong et al. 2008a).

The recognition of an antidune structure from the 2004 tsunami deposit at Lamson
National Park, Ranong (Choowong et al. 2008b), constrained the upper flow regime of
supercritical flow that happened just after the end of the transformation stage. This flow
regime is characterized by high current velocities, low flow resistance, and high sediment
transport rates. This may be one of the key sedimentary structures to differentiate tsunami
from storm flows, though it is difficult to detect this structure left behind by both events.

The deposition of a storm flow may occur under a lower flow regime from which it is
characterized by the relatively slow flow velocities and low rates of sediment transport.
Such a planar stratification of fine sand, which was the dominant appearance in the storm
sand sheets from the GOT, also infers that it was deposited during a lower flow regime of
storm surge. Like in the case of the tsunami bedform features at Bangtao area, Phuket, the
transition from antidune to ripple at Lamson, Ranong, occurred during the decreasing flow
velocity and increasing flow depth (Choowong et al. 2008a).

Due to the landward distribution of the storm and tsunami deposits, the zone of tsunami
deposition usually has a much more inundated distance than that of a storm deposit,
especially where the area is comparatively flat topography (Fig. 6¢). The short wave period
of a storm flow limits washover deposits to a hundred meters from the shoreline. In
contrast, a tsunami results in a much further transport and entrained distances with one
wave train, which reflects the longer wave period.

@ Springer



Nat Hazards (2012) 63:31-50 . 43

a Transformation zone Deposition zone

&owowow o

B

Transformation end --)

High grain density in flow,
All clasts are suspended and
moved at the velocity of the flow

s oo

Tsunami

b * wmap Deposition start
3 Long wave trains
. +  enhance turbulence amd
Tsunami .

rapid bedform deposition

4 Short waves and sediments
deposit in short inundation

#
¢ : Long landward inundation

: and suspended 1oad deposits

: as sand sheet after water stagnant 2
Tsunami . . Deposition end _ﬁ%&

tnundation may extends a little furthe,
profonged reworking produces thin sand sheet
R during water stagnant

eposition end

Fig. 6 Schematic model of the flow conditions for a tsunami versus that for a storm. a transformation stage.
b early depositional stage. ¢ the end of depositional stage (detail in texr)

@ Springer



44 . Nat Hazards (2012) 63:31-50

4.3 Depositional and preservation potentials

One of the limitations to find the predecessors of tsunami and storm deposits is due to the
stochastic or chance nature of the preservation potential in different geological settings.
Certainly and naturally, the preservation potential of the tsunami and storm sand sheets was
controlled by the configurations of large-scale irregular topography and micro-scale
topographical relief of the tsunami and storm flood-prone areas. The thickest deposit of the
2004 tsunami, at a maximum depth of 25 cm within a low topographical swale, was clearly
observed and found to continuously extend landward (Hori et al. 2007; Umitsu et al. 2007,
Choowong et al. 2007). Although storm washover deposits reached a maximum thickness
of 65 cm superimposed on the Chenier ridge of Talumpuk Cape, southern peninsular
Thailand (see locations in Fig. 1), its landward extension was limited to being at the end of
the washover fan lobes. However, in terms of succession, the thickest deposits from both
tsunamis and storms may contain one to several layers of normal grading. Once again, the
multiple layers, however, may or may not correspond to the number of tsunami or storm
inflow surges.

In fact, the 2004 tsunami and storm outflows at most places we recognized had played
little role in producing its deposition, except at Phrathong Island where the 2004 tsunami
outflow deposit was found at the rim of swale (Choowong et al. 2008b; Sawai et al. 2009).
In general, the style of deposition during the 2004 tsunami outflow was limited to a thin
layer of mud of a few millimeters thick coating the top surface of the entire depositional
sequence. The occurrence of mud draped with a thickness up to 1 cm occurred during the
inflow deposition was localized (Matsumoto et al. 2008).

In this paper, the depositional features and preservation potential of the 2004 tsunami
and storm deposits were identified into four types with respect to the different topo-
graphical configurations.

4.3.1 Type A: Gentle and flat topography

Tsunami and storm flows can produce the deposit as continuous sand sheets, as in the case
of the deposition found at Bangtao area, Phuket Island, and at Lamson National Park,
Ranong, as well as at the storm deposit at Talumpuk Cape and Thap Sakae areas. Inter-
estingly, in the case of the tsunami deposits in Type A, antidune and dune structures were
preserved and recognized (Choowong et al. 2008a). Such structures have rarely been

reported from storm deposits, possibly because storm flows have less flow velocity to do
SO.

4.3.2 Type B: Tidal channel embayment

The 2004 tsunami deposits were widely recognized in the channel embayment, as in the
case of tsunami deposits found at the southern part of Pakarang Cape (Blue Village
Resort), Phang-nga. To date, we have not found any storm deposition in channel
embayment from the GOT. Only storm-induced washover fan lobes filling in incised tidal
inlets/outlets have been recognized.

4.3.3 Type C: Swale and beach ridge

Type C has the highest preservation potential for both storms and tsunamis and is deposited
on the beach ridge plain and in the swales. This is likely the best environment to trap both
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types of high-energy sediments. At Phrathong Island, we found sand sheets of both the
2004 tsunami and older deposits. Likewise, this environment favored the preservation of
storm sand sheets in the muddy swale of Panang Tak bay, Chumphon, and also the recent
storm deposit at Tha Chana which is characterized as multiple washover fan lobes behind
the modern beach ridge. We conclude that the preservation potential of Type C is excellent
to trap sediments from both high-energy flows and will mostly persist for a long time in the
geological record due to it not being subject to much postdeposition surface disturbance.

4.3.4 Type D: Large-scale irregular topography

This type D environment induces variability in thickness of both high-energy deposits due
to the irregularity of the land surface and is typically a narrow beach ridge plain with a high
surface slope. As in the case of the 2004 tsunami deposits at Bang Niang transect, Khao
Lak, Phang-nga area (Choowong et al. 2008b), we found that tsunami waves were limited
in a short distance of inundation and its depositions can be mixed and reworked during the
inflow and outflow.

5 Conclusions

1. Tsunami deposits mostly resemble storm depositional characteristics. Both high-
energy flows produced a vast area of erosion in the shoreface and the beach ridge zone
during the transformation stage. In the depositional stage, a large amount of entrained
materials can be deposited onto the former land surface and can extend inland to where
the inundation ends. Inundation of the tsunami and its deposit is likely to extend much
farther inland than that for storms.

2. Internal sedimentary structures of the tsunamis and storm deposits in Thailand are
mostly similar and are likely formed during the inflow. Both kinds of deposits showed
overall landward thinning and fining. The most common internal sedimentary structures
are parallel lamination, landward-inclined laminations with normal-graded sand grains,
and local reverse grading. Rip-up mud clasts are common within the tsunami layer of
inflows, but rare in storm deposits. Outflow deposition from both events was rarely
preserved. However, the dominate structures of the tsunami outflow include seaward-
inclined foreset laminae with mud drapes. To date, a set of antidune structures
recognized in tsunami deposits may be one key to distinguish them from storms.

3. The nearshore and onshore flow behaviors of tsunami and storm are somewhat
different. Both events generally start their erosion from the transformation stage.
Definitely, tsunami has a longer transformation period and greater distance offshore
than storms, so that benthic fauna and offshore bottom sediments can be extensively
brought onshore. The tsunami flow depth is, generally, deeper than that for storm
flows. However, a larger number of multiple gradings within storm deposits may be
used to infer a longer period of flooding on the land than that for tsunamis.

4. Both the tsunami and storm preservation potentials were largely dependent on the
large- and micro-scale topographic configurations on the land. The preservation of
tsunami and storm inflows is more than outflows and mostly persisted longer in the
geological record in swale environments. Large swales behind the beach ridges are

likely to act as a good accommodation space to trap the tsunami and storm
sediments.
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The comparison of physical and sedimentological characteristics between tsunami and
storm flows outlined in this paper (Table 2) increases our understanding of the nature of
tsunami and storm deposition. As such this may then provide some clues and, perhaps, will
help sedimentologists to identify and distinguish both depositional features in the geo-
logical records.

Table 2 Summary of similarity and difference between tsunamis and storm deposits

Tsunamis vs. storm deposits

2004 Tsunami

Paleo-tsunami

Storm

Deposit characteristics

Trench scale

Sedimentary features

Sorting
Grading

Internal
structures

Surface
structures

Mud content

Thickest event
deposit
Composition

Number of
layers

Rip-up

Basal contact

Benthic fauna
Transect scale

Maximum
inundation
limit in flat
topography

Flow conditions

Depositional
feature in
stratigraphy

Poorly to moderate sorted®

One to multiple normal grading,
local reverse grading

Parallel lamination, landward
and seaward-inclined laminae,
one set of seaward-inclined
foreset bedding (outflow), set
of antidune structures®

Dune and ripples® ¢ "

Mud cap coating on a surface of
tsunami sand sheetd, mud
draped (Fig. 2f) in sand sheet”

25-30 cm® & *

Quartz, shell fragments, heavy
minerals, rocks, coral, debris

Single to multiple layers

Abundant burial soil, mud, and
sand clasts (Fig. 2i)

Sharp contact common,
gradational contact with sandy
soil

Abundant (foram® and diatom°®)

3.5 km® (measured)

Up to supercritical flow"

Sand over burial soil, sand over
beach sand, sand over
artificial®

Not reported

One to two normal
grading®

Horizontal laminae®

Not reported

Rare®

20 cm®

Quartz dominated, leaf
fragments®

Single to two layers

Abundant burial soil and
sand clasts (Fig. 3c)

Sharp and tabular shape
with peaty soil®,
gradational contact with
slightly organic soil®>

Lack (foram, diatom)® ©

1-2 km (estimated)

Not reported

Sand intervening soils®,
coral layer intervening
mangrove soil®

Well sorted”

One to multiple normal
grading', local reverse
grading

Parallel lamination,
multiple sets of
landward-inclined
foreset bedding
(inflow)

Not reported

Rare

65 cm

Quartz, heavy minerals,
shell fragments, rock,
and debris

Single to multiple
layersf

A few burial soil clasts

Sharp contact common,
gradational contact
with slightly organic
and sandy soil

Not reported

<1 km (estimated)

Not reported

Sand over burial soil,
sand intervening soils
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Table 2 continued

Tsunamis vs. storm deposits

2004 Tsunami Paleo-tsunami Storm

Trend of Thinning and fining Thinning and fining Thinning and fining
landward
grain size and
deposit
thickness
Rating preservation potential

Gentle and flat Good to excellent Poor Good
topography

Tidal channel Moderate to good Poor® Poor’
embayment

Swale Excellent Excellent Excellent
between
beach ridge

Large-scale Moderate Poor Poor
irregular
topography

2 Choowong et al. (2008b), b Jankaew et al. (2008), € Sawai et al. (2009), 4 Choowong et al. (2007),
¢ Rhodes et al. (2007), f Phantuwongraj et al. (2008), 8 Hawkes et al. (2007), b Choowong et al. (2008a)
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The characteristics of tropical storm washover deposits laid down during the years 2007 to 2011 along the
southern peninsular coast of the Gulf of Thailand (GOT) were described in relation to their different geomor-
phic conditions, including perched fan, washover terrace and sheetwash lineations preserved behind the
beach zone within 100 m of the shoreline. As a result, washaver terrace and sheetwash lineations were
found where the beach configuration was uniform and promoted an unconfined flow. Non-uniform beach
configurations that promoted a confined flow resulted in a perched fan deposit. Washover sediments were
differentiated into two types based on sedimentary characteristics, including (i) a thick-bedded sand of mul-
tiple reverse grading layers and (ii) a medium-bedded sand of multiple normal grading layers. In the case of
thick-bedded washover deposits, the internal sedimentary structures were characterized by the presence of
sub-horizontal bedding, reverse grading, lamination, foreset bedding and wavy bedding, whereas, horizontal
bedding, normal grading, and dunes were the dominant structures in the medium-bedded washover sand.
Rip-up clasts were rare and recognized only in the washover deposits in the bottom unit, which reflects
the condition when a mud supply was available. All washover successions were found in the landward
inclined-bedding with a basal sharp contact. A high elevated beach ridge associated with a large swale at
the backshore proved suitable for a thick-bedded washover type, whereas a small beach ridge with uniformly
flat backshore topography promoted a medium-bedded washover sediment.
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1. Introduction 1960s. The first observable features of storm incidence are changes

in beach morphology, which has led to the subsequent study of the
changes in the coastal morphology after storm events (Hayes, 1967;
Wright et al. 1970; Schwartz, 1975; Morton, 1976; Kahn and
Roberts, 1982; Morton and Paine, 1985; Thieler and Young, 1991;
Wang et al, 2006; Claudino-Sales et al.. 2008). Along these lines,

Washover deposits are one of the significant results of high energy
seawater flooding across a beach or dune. They can be generated from
such high intensity processes as tsunamis and storms. In the past de-
cades, rapid flooding from tsunami and coastal storms have been

among the main coastal hazards and have caused damage to coastal
communities and infrastructure, e.g. 1960 Chilean tsunami, 1989 Ty-
phoon Gay in Thailand, 2004 Sumatra tsunami, 2005 Hurricane
Katrina in USA, 2008 Cyclone Nargis in Myanmar, 2009 Typhoon
Morakot in China and Taiwan, 2011 Great East japan tsunami, and
2011 Hurricane Irene in USA. These high energy flows usually bring
the sediments from the seaward side, especially from nearshore to
beach, to be deposited on the landward side beyond the beach zone,

In fact, the sedimentary characteristics and physical properties of
storm-induced washover deposits have been published since the

* Corresponding author. Tel.: +66 2 218 5445; fax: +66 2 218 5464.
E-mail address: monkeng@hotmail.com (M. Choowong).

0169-555X/3 - see front matter © 2013 Elsevier B.V. All rights reserved.
hitp://dx.doi.org/10.1016/j.geomorph.2013.03.016

Schwartz {1975) presented the common stratigraphy of storm
washover deposits as a horizontal stratification of laminated sand
which usually shows foreset laminae in its distal part if it penetrates
into a pond or lagoon. Morton and Sallenger (2003) classified the
changes in the coastal landform features after storm events into two
types, (i) the erosional features (dune erosion, channel incision, and
washout) and (ii) the depositional features (perched fan, washover
terrace, and sheetwash lineations), based on their formation process-
es. Since then, these features are often applied as the key criteria to
assist in the identification of the intensity and flow conditions of
each storm event. Sedgwick and Davis {2003) also reported the five
subfacies in storm deposits that represent the differences in flow con-
ditions during overwash, the position relative to sea level, and
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variable degrees of reworking after deposition. Wang and Horwitz
(2007) reported the different erosional and depositional characteris-
tics of washover sediments induced by hurricanes from several
barrier-island sub-environments, including dune field, interior wet-
land and back-barrier bay. They proposed that the different erosional
and depositional characteristics are caused by the different overall
barrier-island morphologies, vegetation types and densities, and sed-
iment properties.

Within the literature, the sedimentary characteristics and bedform
surfaces of storm deposits that have been characterized have included
normal grading (Andrews, 1970; Sedgwick and Davis, 2003; Morton
et al, 2007; Wang and Horwitz, 2007; Phantuwongraj et al, 2008;
Spiske and Jaffe, 2009), reverse grading (Leatherman and Williams,
1983; Sedgwick and Davis, 2003; Morton et al, 2007; Wang and
Horwitz, 2007; Phantuwongraj et al., 2008; Spiske and Jaffe, 2009), lam-
inae/laminaset (Leatherman and Williams, 1977; Sedgwick and Davis,
2003; Morton et al,, 2007; Wang and Horwitz, 2007), sub-horizontal
bedding (Deery and Howard, 1977; Schwartz, 1982; Phantuwongraj
et al., 2008), foreset bedding/laminae (Schwartz, 1975; Deery and
Howard, 1977; Schwartz, 1982; Davis et al, 1989; Nanayama et al,,
2000; Morton et al, 2007; Wang and Horwitz, 2007), antidune
(Schwartz, 1982), rhomboid bedform (Morton, 1978 and Schwartz,
1982) and current ripples (Deery and Howard, 1977; Schwartz, 1982;
Morton et al, 2007; Komatsubara et al, 2008). However, most
of these sedimentary features are also found in tsunami deposits
(e.g., Gelfenbaum and jaffe, 2003; Choowong et al.,, 2007; Morton et
al., 2007; Choowong et al., 2008a,b; Jankaew et al,, 2008; Shanmugam,
2012). Thus, it is sometimes challenging to distinguish whether sand
sheets in the geological records were originally formed as the result of
a tsunami or a storm. This challenge has led many geologists and sedi-
mentologists to develop the key criteria for distinguishing tsunami
from storm deposits (Nanayama et al., 2000; Goff et al., 2004; Tuttle
et al, 2004: Kortekaas and Dawson, 2007; Morton et al, 2007:
Komatsubara et al, 2008; Switzer and fones, 2008a; Phantuwongraj
and Choowong, 2012). However, the identifiable features, such as the
sedimentary characteristics, washover geometry and biological evi-
dence, that are used in the differentiation of these two types of high en-
ergy flows are still equivocal because their deposition often depends on
the topographical control, local source of sediments and the intensity of
the event, and these factors usually differ from place-to-place.

The coast of Thailand has also been attacked by storm surges
which cause damage to coastal communities. Although, Thailand has
experienced storm surges at least three times recently from tropical
storms (“Harriet” in 1962, typhoon “Gay” in 1989 and typhoon
“Linda” in 1997), only a few reports on the storm deposits have
been published (e.g. Roy, 1990). Phantuwongraj et al. (2008), subse-
quently, reported the possible storm deposits found along the coast at
Surat Thani and Nakhon Si Thammarat on the Gulf of Thailand (GOT).
The discovery in tracing the storm deposits was extended northwards
along this coastline to Chumphon where Phantuwongraj et al. {2010)
found multiple layers of paleo-storm sand sheets in a swale located
1 km inland and far away from the present shoreline. However,
more detailed studies of the sedimentary characteristics, topographi-
cal and flow conditions of the washover deposits induced by storms
are still required, particularly for Thailand where so little is known.

Here, in this paper, the sedimentary characteristics of storm
washover deposits from different geomorphic conditions associated
with the storm events during the period 2007-2011 in Thailand are
described systematically. We start from the identification of the dis-
tinctive sedimentary features of washover deposits from the three
different geomorphic settings preserved along the GOT coast. Com-
parison of the topographical and flow conditions from the individual
and geological settings related to washover sediment features is also
made. This study presents the first detail of recent storm deposits
from the Southeast Asia region which also can be used as a modern
analog for storm deposits from other areas. The similarity and

differences in the sedimentary features found in storm deposits
from different geological settings may help geoscientists to under-
stand further what (and how) storms leave behind as their evidence
in the geological record.

2. Setting and method

The climate of Thailand is under the influence of two main monsoon
winds that are seasonal in character, being the southwest (SW) mon-
soon and NE monsoon. The SW monsoon in May-October brings a
stream of warm moist air from the Indian Ocean towards the Thai Pen-
insula, resulting in an abundance of rain over the country. Subsequently,
the NE monsoon in October-February, originally forming as cold and
dry air, is driven from mainland China towards Thailand. This gradually
causes the cold condition in the winter season, especially in the north-
ern and NE highlands, whereas in the southern part of Thailand this
NE monsoon normally causes a mild weather and heavy rain along
the eastern (GOT) coast of the Thai Peninsula. During the NE monsoon
season, sea level in the GOT is normally raised higher than mean sea
level (MSL) (Fig. 1) due to seawater from South China Sea moving
downward and then flowing into the GOT corresponding to the prevail-
ing wind from the NE direction. In contrast, in SW monsoon season, the
prevailing wind blows to the opposite side which leads to seawater
moving out of the GOT, thus sea level in the GOT is lower than the aver-
age MSL. The average change of sea level in the GOT caused by the
change in monsoonal wind is 0.4 m. Additionally, during November-
December, the eastern side of southern Thai Peninsula is usually affect-
ed by depressions or tropical storms and sometimes typhoons from the
eastern side of GOT, which can generate storm surges and cause
overwash flow in the low-lying coastal area. However, Thailand has ex-
perienced storm surges induced by tropical storm or typhoon only three
times since the 1960s. Apart from the storm events, the temporary in-
crease in monsoonal wind velocity above its usual speed for a few suc-
cessive days during NE monsoon season also causes a storm surge up to
1.25-2.5 m high in the low-lying coastal area along the Southern Thai-
land coast (Fig. 1). According to the frequency of their occurrence, at
least once a year, washover deposits resulting from temporary strong
NE winds are found to be more in number than the washover deposits
induced by tropical storms or typhoons. This phenomenon of storm
surge being induced by temporary strong NE winds usually occurs dur-
ing November to January as it is the period of highest sea level during
the year. A storm surge induced by strong winds during the NE mon-
soon season is also found in Singapore (Tkalich et al., 2012).

We focused on three sites (Fig. 2a), (1) Ban Takrop (BT) in Surat
Thani (Fig. 2c), (2) Laem Talumphuk (LT) in Nakhon Si Thammarat
(Fig. 2d), and (3) Khao Mai Ruak (MR) in Prachuap Khiri Khan
(Fig. 2b), that were effected by storm surges during the period
2007-2011. Five storm surge events during this time were induced
by (i) seasonal sea-level rise accompanied with temporary strong
NE winds over 2007 to 2010 and (ii) a low-pressure system in 2011.
The maximum wind speed measured from three weather stations
closest to each study site was 20-22 knots. The potential heights of
storm tide were at 2.30-2.96 m above MSL, as calculated from tide
gauge data and significant wave height data at each study site
(Fig. 3). Storm surges caused erosion to the beach and also expanded
the inlet/outlet channels. The damage also extended to a road and
house along the shoreline.

At the study sites, we investigated the damage and particularly
aimed to record how the beach morphology had changed. The evidence
of erosion and deposition features along the coastal area resulting from
storm surges were measured and photographed. Trenching, coring, and
pitting were made for examination of the washover sediment charac-
teristics. The washover sediments were sampling systematically layer
by layer from top to bottom. A detailed coastal topographical profile,
using a digital survey camera, was performed. Grain size analysis was
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bounds the areas commonly affected by overwash flow by storm surges.

carried out at the Geological Survey of Japan using a Camsizer. Sediment
compositions were identified under a binocular microscope.

In this study, the classification of the type of washover deposits in
terms of “perched fan”, “washover terrace” and “sheetwash” was
based on the work of Morton and Sallenger {2003) who described a
perched fan as a small lobate to elongate washover feature that is ori-
ented perpendicular to the shore. A washover terrace is then charac-
terized as an elongate washover deposit that is oriented parallel to
the shore. The washover terrace may form a uniformly wide band,
or its Jandward margins may be highly irregular depending on the in-
teractions between breaking waves and currents during washover
deposition. Lastly, sheetwash usually shows narrow elongate zones
of erosion and deposition that form lineations parallel to the direction
of flow. The flood regime, including the overwash regime and inunda-
tion regime, followed the conceptual model of storm impact regime
originally proposed by Sallenger (2000). Terminology used for differ-
entiating the thickness of beds and laminae followed that of Campbel
(1967},

3. Results
3.1. 2007-2008 storm deposits at Ban Takrop (BT), Surat Thani

At BT, the area displays as prograded shoreline which is composed
of relict strand lines oriented in the northwest-southeast direction
(Fig. 2c). Between the relict strand lines, the topography exhibits a
swale which is about 10-15 m wide in the south and then narrows
towards the north with an average width of 3-4 m. The outer beach
ridge is 2 m high above mean sea level (MSL) and yields a slightly
steep slope (8°) at the foreshore. The average tidal range here is
1.09 m while the maximum range during spring tide time can be up
to 2.07 m. We visited BT in july 2008 after an overwash event on
the 25th April 2008, to investigate the change in beach morphology.
The storm tide high at least 2.96 m above MSL was calculated from

Lang Suan tide gauge station and significant wave height data
(Fig. 3). The maximum inundation distance of the 25th April 2008
storm surge was 100-300 m from the shoreline. The morphology of
the wide swale between the relict strand lines also limited the
flooding zone from overwash flow in this area.

The washover deposit found at BT exhibited as a narrow band of
sand that was oriented parallel to the shore. Based on its morphology,
washover deposition here was classified as washover terrace type fol-
lowing Morton and Sallenger (2003). The washover terrace is 30 m in
width perpendicular to the shore and 600 m in length parallel to the
shoreline (Fig. 4a). At the distal part in landward side, the washover de-
posit was spilt as a series of fan lobes into a swale behind the beach.
More than ten lobes were observed and each of these was approximate-
ly 10 m in width orientating parallel to shoreline (Fig. 4b). The thick-
ness of the washover sediment reaches a maximum of 80 c¢m in the
proximal part and terminates with a steeply avalanche face into the
swale (Fig. 5a). Some parts of washover sediment also penetrate into
the Nipa palm habitat zone, as observed from the sand body the buried
a palm tree (Fig. 5¢). The bottom contact between washover sediment
and mud in the swale shows as a sharp contact that indicates a sudden
depositional process. Garbage possibly came along with the overwash
flow also found within the washover sediment (Fig. 5d).

The washover deposit exhibited a bedding plane dipping in a land-
ward direction, with eleven layers of coarse to very coarse-grained
sand and multiple laminae of medium to coarse-grained sand were rec-
ognized (Fig. 5b). Each layer showed reverse grading (Fig. 5e) which
consists of medium grained sand laminae 0.7-1 cm thick at the base
and then changing to coarse to very coarse-grained sand upwards to
the top, with a thickness varying from 2 to 7 cm (Fig. 5b, e). The
washover deposit here can be divided into two units based on its differ-
ence in lithology, including the thickness and inclination of layers
(Figs. 5b and 6¢). The thickness of washover sand layers at the lower
unit ranges from 2 to 6 cm and displays a low dip angle being almost
horizontal to sub-horizontal bedding. In contrast, the thickness of
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washover layers in the upper unit was thicker, at about 4-7 c¢m, and the
inclination of layers was also much steeper than the lower unit. The
foreset bedding was inclined 22° and 35° in the upper unit, and was
also observed at the washover margin (Figs. 5b and 6c).

Sediment samples were collected layer by layer from top to bottom.
Nineteen samples were collected from washover sediment (layers 10 to
1) and sub-surface sediment (Fig. 6). According to the grain size analy-
sis, the grain size distribution in the coarse to very coarse sand layer and
the medium sand laminae shows unimodal and bimodal distribution
whereas the sub-surface sediment shows only a unimodal distribution
(Fig. 6a). In the medium sand laminae, there are three samples that
show bimodal distribution (numbers 2, 5, and 12) which are clearly rec-
ognized as two peaks of medium sand and coarse sand. These two peaks
of sediment size in the medium sand laminae may result from the con-
tamination of the layer beneath during the sampling as coarse sand at
the top of layer 9 is mixed during sampling of the base of layer 10.
From the grain size distribution graph, the medium sand laminae
shows an asymmetrical distribution with a negative skewness value,
whereas the coarse to very coarse sand layer shows both symmetrical
(1, 13, and 14) and asymmetrical distributions (3, 4, 6, 9, 11, 16, and
17) with positive skewness. However, sample 7 shows a negative skew-
ness similar to sample 8 that is from a medium sand laminae. The aver-
age grain size of samples 7 and 8 are also close at 0.5 and 0.62 phi,
respectively. Based on the lithology, the upper part of layer 6, indicated
as a boundary layer between unit 1 and unit 2, as exhibited in the

unusual grain size distribution and grain size value of sample 7, may
have resulted from the aeolian process after the storm event. This
reworked surface is similar to washover sediments found in Australia
that are characterized by two storm layers separated by a thin veneer
of sand that has been reworked by aeolian processes (Switzer and
Jones, 2008b).

According to the poor compaction of washover sand, the fresh
condition of garbage in the washover sediment, and a burial of a
Nipa palm that is still alive, the lower unit of this washover deposit
should be the result of a recent storm surge event that occurred with-
in one year. From the tide gauge data from a station near the BT area,
on the 29th November 2007, the potential storm tide with a height of
2.56 m generated overwash flow across beach and flooded into swale.
Therefore, the 1st unit should be the result of the storm surge event
on 29th November 2007 that is the only storm surge over the period
October 2007 to April 2008. The reworked surface (i.e. sample 7) may
then result from aeolian processes induced by high velocity NE winds
during December to February.

The sedimentary structures in the washover deposits included
lamination, foreset bedding, wavy bedding and reverse grading
(Fig. 5b, d). At the proximal part, horizontal bedding is the dominant
structure, whereas foreset bedding was principally found in the distal
part of the washover deposits. The grain composition includes quartz,
shell fragments, feldspar and rock fragments. Washover sand grains
are moderately well to moderately sorted.
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Fig. 3. Records of tide during storm surge from 2007 to 2011 in the study sites from the nearby tide gauge stations (left). Significant wave height and wave direction map in the
South China Sea and the GOT during the 2008-2011 overwash events {middle). Location of tide gauge stations and the study sites (right). Recorded tide and predicted data;
from Hydrographic Department, Roya! Thai Navy. Significant wave height and wave direction data are from Oceanweather, Inc. and www.thaiwater.net.

3.2. 2009 storm deposits at Laem Talumphuk (LT), Nakhon Si Thammarat

LT is an active sand spit, 6 km long and 500-700 m wide with a
south-north trending orientation that corresponds to the major
present-day longshore current. The spit itself developed an east-
west orientation of a series of former beach ridges. The distal part of
the spit recurves to the west (Fig. 2d). The spit recently consists of a

relatively small modern beach ridge of about 1-1.5 m above present
MSL. Subaqueous sand bars can be seen during low tide while average
tidal range here is 0.5 m. During the spring tide, the interval between
high and low water level is 0.9 m. During the 4th-5th November
2009, a storm surge induced by temporary NE strong winds flooded
over the LT sand spit. The potential storm tide with 2.3 m height
was calculated from tide recorded and significant wave height data.
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Fig. 4. (2) The washover terrace (wide 30 m cross-shore and long 600 m along-shore) at BT and (b) the washover lobes showing the avalanche face at the distal part of the terrace.
Pictures were taken on 2 July 2008.

We visited the area on 9th November 2009 after the storm surge
event. The erosional features that reflect strong wave attack were
preserved along the beach as scoured and knocked down pine trees.

Washover sediments were deposited along the LT sand spit in sev-
eral environments such as mangrove, shrimp pond, and on the road
behind beach (Fig. 7). In mangrove area, the washover sediment

Photo direction
(Top view)

Fig. 5. (a) The washover successions and steeply avalanched face at the washover margin. (b) Two units within the washover deposit and foreset bedding at the distal end of the

washover deposits. (¢) Nipa palm in swale was partially buried by washover sediment. (d) Bottom sharp contact of washover sediment and mud in swale. () Reverse grading layer
in the washover sediment.
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Fig. 6. (a) Grain size distribution graph of washover sediments and pre-storm surface sediments. (b) Average grain size change from top to bottom within the washover deposit and

pre-storm surface sediment. (c) The sampling locations (at scour) in the washover deposit. (d) Mean grain size and sorting characteristics of three groups of sediments ( coarse-very
coarse layer, laminae layer and pre-storm surface layer). (e) Contact boundary between the 1st unit and 2nd unit.

was deposited as narrow band parallel to the shore similar to those
recognized in the washover terrace type classified by Morton and
Sallenger (2003). Whereas washover deposits found behind the
beach in the shrimp pond and on the road were expressed as small lo-
bate features and oriented perpendicular to the shore, and were thus
classified as perched fan type following Morton and Sallenger (2003).

We made a small trench where the washover deposit was found
on the road behind the beach in order to describe the physical charac-
teristics and sedimentary structures {Fig. 7d, e). The topography be-
hind the beach is exhibited as a slightly flat coastal plain without

swale. Apart from the forested area behind the beach, a compacted
surface road 4-5 m in width was constructed parallel to the shore.
Washover sediments were found as a sand sheet with a basal sharp
contact overlain on the pre-surface soil and the road. Grasses buried
at the bottom part of washover sediment were still green, which indi-
cated the recent timing of the washover deposit (Fig. 7e). The dimen-
sion of washover body was 25 m in length cross-shore and 8 m in
width parallel to shore. The thickness of the washover sediment
was relatively uniform at about 15-20 cm on the flat topography
(Figs. 7d and 8a).
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Two different sedimentary textures were recognized in the
washover sand, being the fine sand grain unit at the bottom and the
coarse sand grain unit from the middle to the top (Figs. 7e and 8a,
b). The fine sand unit was dominated by fine to medium-grained
sand containing rip-up clasts of the underlying soil that were then
dispersed upwards into the lower zone near the base of the unit.
The erosional contact at the bottom of the first unit was found only
in the forested area behind the beach but not on the road. The spatial
limit of the erosional contact at the base of washover deposit that was
found only in the forested area may reflect the difference in overwash
flow condition. The compacted surface of the road may act essentially
as an armored bed with little to no erosion relative to areas away
from the road. Additionally, drag on the flow would be significantly
reduced as well when compared to the forested area. The vertical
change in the grain size in the unit shows a normal grading from me-
dium sand at the bottom to fine sand at the top. Additionally, in the
distal part, a thin layer of dark organic material was found in the up-
permost level of unit (Fig. 8c). The source of dark organic layer may
come from the sub-surface soil in the forested area behind the
beach. This organic layer may indicate a period of waning flow or pos-
sibly a falling flood level. The thickness of the 1st unit was confined by
the antecedent topography to about 8 cm in the depression of buried
soil and 2 cm on a flat road. Subsequently, the second unit, which is
composed of coarse to very coarse-grained sand, was deposited on

top of the fine to medium-grained sand unit (Fig. 8b). The coarser
grain size in this unit may result from the removal of the fine grain
sand from the beach surface by the initial stage of the storm surge,
which was then transported to be deposited as the 1st unit and,
thus, exposing the less eroded more coarse grain sand on the beach.
Subsequently, these exposed coarser sediments were then eroded
by the following surges to be deposited as the 2nd unit. The sedimen-
tary characteristics of the 2nd unit was characterized as two multiple
layers of coarse sand around 10 cm in thickness which were clearly
separated by shell laminae at the base of each layer (Figs. 7e and 8d,
e). Normal grading, from very coarse to coarse-grained sand at the
bottom to medium grained sand at the top, was revealed in both
layers (Figs. 7e and 8e). Dune bedforms (6 cm height and 50 cm in
length), oriented perpendicular to shoreline, were recognized in the
middle part of the washover deposit. Then, these dunes were gradu-
ally transformed into horizontal bedding as it extended further inland
(Fig. 8b). The changing of sedimentary structure from dune bedform
surface to structureless at the distal part of the washover deposit
and the decrease in the overall grain size in the landward direction
presumably reflects the decreased flow velocity.

The washover revealed a sequence of normal grading within the
two units, where the average grain size of the first unit at the bottom
was finer than the second unit on the top (Fig. 7e). Sorting of sedi-
ment in the first unit was also better than the second unit. The

Fig. 7. (a) Washover sediment penetrated into the mangrove area at the head of LT sand spit (north of study site). (b) Washover sediment penetrated into the shrimp pond behind
beach at the middle of LT sand spit (south of study site). (c) Washover deposit on the road as a perched fan shape. (d) Washover deposit showing landward thinning at the distal
part (trenching perpendicular to the shoreline). (e) Three layers of washover deposit with a normal grading in the vertical direction,
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Dune bedform b

Fig. 8. (a) The internal structure of the washover deposits at LT. (b) A detail sedimentary structure in the washover deposits revealing two sediment units and a dune structure. (c)
The thin organic layer found in the distal part of the washover sediment in the st unit and (d) sheli lag Jaminae at the base of the 2nd unit and (e) normal grading in the washover

sediments within thelst and 2nd units.

percentage of the mud content was high within the first unit due to
the erosion of the underlying soil by the initial waves, whereas, the
second unit was less so. Major sediment compositions included
quartz, feldspar, shell fragments and rock fragments.

3.3. 2010 and 2011 storm deposits at Khao Mai Ruak (MR), Prachuap
Khiri Khan

The topography of the MR area exhibits as sand barrier which was
developed in front of the tidal channel (Fig. 2b). The barrier exposed a
steeply slope of about 14° on the foreshore side. Behind the barrier,
the tidal floodplain and marsh with an elevation of 2.5 m lower than
barrier surface was observed (Fig. 9a). The tidal system here is a diurnal
type with an average range of high and low levels of 1.12 m and 2.08 m
during the maximum spring tide. On the 23rd December 2010, the MR
area was flooded by a storm surge induced by temporary strong NE
winds. According to the recorded tide data and significant wave height
data, the potential storm set-up of 2.58 m was generated at MR. Subse-
quently, on the 29th March 2011, the storm surge generated by low
pressure system in the GOT caused overwashing into the low-lying
coastal area in the MR site. A storm tide high of 2.32 m was calculated
based on recorded tide data and significant wave height data. We visit-
ed the MR area on 13th June 2011. Evidence of erosion by the 2010 and
2011 storm surges was found at the outer beach and behind the barrier
along the shoreline. A beach scarp with 40-50 cm was exhibited along
the shore over a distance of 500 m (Fig. 9b). Subsequently, behind the
barrier, the coconut roots were exposed above ground surface about
50-60 cm as a result of sand eroded from pre-storm surface (Fig. 9a).
We interpret that erosion of the pre-storm surface sand behind the bar-
rier may have resulted from the storm surges during the initial stage
that flowed across barrier and were of sufficient energy to erode the
pre-storm surface sediment in the back-barrier zone. According to the
storm tide height data, we believe that erosion of the pre-storm surface
sand behind the barrier possibly resulted from the storm surge on 23rd
December 2010 because its storm tide level was higher than the 29th
March 2011 event. As the storm tide level was higher, the erosion was
likely to be greater.

Apart from erosional features, depositional features were also recog-
nized as washover sediment deposited behind the barrier. At the tidat
floodplain behind the barrier, washover sediments were exhibited as

multiple elongated narrow sand lines oriented perpendicular to the
shore which were similar to the sheetwash lineations type as classified
by Morton and Sallenger (2003). On the beach barrier where surface el-
evation was quite high, the small lobated shape of sand was found with
the orientation perpendicular to the shore. We classified this feature as
a perched fan type. Both of the sheetwash lineations and perched fan
types are exhibited as being non-vegetated on their surface, thus indi-
cating the recent timing of deposition.

At the southern part of where sheetwash lineations were preserved,
there is no evidence of washover deposits from the 2010 and 2011
storm surge events due to the elevation of barrier at this part being
too high (about 2.9-3 m). There is only a beach scarp feature resulting
from strong wave attack found on the foreshore side. However, at the
backshore side, the old washover deposits, indicated by dense grass
on their surface, 50-83 m in length perpendicular to shoreline and
2 m in thickness, were deposited on the tidal marsh area (Fig. 9¢). in
the distal part, the lobes of old washover deposits were superimposed
on the older lobe on the marsh surface (Fig. 9d) as a boundary between
two washover deposits from at least two different events. From the his-
torical record, the MR area had experienced storm surge at least three
times from typhoon Gay in 1989, typhoon Linda in 1997 and a deep de-
pression in 2002. Thus, these old washover deposits may be a product
from these previous storm surge events. Additionally, Roy (1990)
reported the washover sediment from typhoon Gay in 1989 deposited
throughout the coastline of MR area. Consequently, the barrier became
wider when comparing to the pre-storm surge event due to amount of
washover sand adding to the back-barrier area. However, during the
next rainy season after typhoon Gay, washover sediment that deposited
in the middle of barrier may have been eroded away by flowing water in
the channel during the heavy rainfall due to the deposited area being lo-
cated at the erosional side of a tidal channel. Consequently, this part
(middle part of barrier) became the narrowest when compared to the
northern and southern sides. Since the barrier in the northern and
southern areas was wider and higher than the middle part, when the
next storm surge occurs, the overwash is effective only in the middle
part, as seen from the 2010 and 2011 storm surge event. Additionally,
the intensities of prior storm surge from typhoon Gay and typhoon
Linda were also higher than 2010 and 2011 storm surge. Therefore,
the overwash from 2010 and 2011 storm surge could not flood across
the entire barrier.
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Fig. 9. (a) The cross-shore topography, breach point and washover deposits at MR, (b) the 40 cm high beach scarp along the beach, (c) the former washover deposits before 23
December 2010 that terminated in the marsh, (d) margin of the former washover deposits from two different events on the marsh surface and (e) the breach point at the
beach resulting from strong wave attack during NE monsoon surge. Pictures were taken on 13 June 2011.

In contrast, in the sheetwash lineations area, the topography is
expressed as a narrow barrier with surface elevation lower than the
southern part. Consequently, this part of barrier is the most affected
by storm surge attack, as can be seen from the breach of the barrier
(Fig. 9e). A narrow and elongated zone of erosion and deposition as
sand lineations was found behind the barrier on the tidal floodplain
surface (Fig. 10a). These sheetwash lineations were straight and
showed a flow direction from the NE to the SW (Fig. 10b). The crest
of the sheetwash lineations was 20-30 cm in thickness and the gap
between each lineation was 50-70 cm in width.

Behind the breached barrier, we found another washover sediment
preserved as a perched fan shape overlain on the sheetwash lineations
(Fig. 10c, d). Based on the storm impact scale for barrier islands pro-
posed by Sallenger {2000), perched fan and sheetwash features result
from different storm impacts as overwash regime and inundation re-
gime, respectively. Sallenger (2000) also stated that the overwash re-
gime occurs when wave run-up superimposed on the water level
exceeds the beach or dune crest, which can transport sediment a dis-
tance of ten to hundreds meters inland. In contrast, the inundation re-
gime occurs when the barrier or beach is completely flooded by a
seaward-running water body which can transport sediment over a dis-
tance as far as 1 km inland. As stated before that the intensity of the
2010 storm surge was higher than the storm surge 2011, and according
to the storm impact scale (Sallenger, 2000), the sheetwash lineations at
this site should have resulted from the storm surges on the 23rd De-
cember 2010 and the perched fan deposit probably resulted from the
29th March 2011 storm surge.

The compaction of sediment in perched fan wasvery poor when
compared to the sheetwash lineations. The new perched fan on the
backshore showed a bottom sharp contact on the pre-storm surface
brownish medium to coarse-grained sand (Fig. 10e). Floating mate-
rials, such as garbage and part of a dead tree, possibly mixed with
the overwash flow, were found on the surface of the perched fan.
The thickness conformed to the backshore topography with its strat-
ification dipping landward.

In the distal part, the perched fan was spilt into 4-5 lobes at a dis-
tance of 70 m parallel to the shoreline (Fig. 10c, d). Trenching there
revealed twelve sub-horizontal layers of very coarse grained sand
with numerous laminae dipping landwards (Fig. 10e). Each layer
showed a reverse grading of grain size from medium to coarse sand

laminae at the bottom to very coarse sand at the top (Fig. 10f-h). A
series of sub-horizontal layers and laminations were preserved in
the middle part of the washover deposit. The thickest layer was
found at the base and became thinner towards the top of unit, ranging
from 12 to 0.8 cm thick (Fig. 10e-g). In the distal part, the thickness
of washover sediment increased slightly by about 10 cm and revealed
a foreset bedding projecting inland with a 9° dip angle (Fig. 10e). Mud
content was rare due to the absence of any organic material from the
sediment source zone. Quartz was the major composition found in
the overall deposit, whereas shell fragments were concentrated only
within the very coarse sand layer (Fig. 10g). Sorting was moderate
to poor in the very coarse sand layer while the medium to coarse
sand laminae yielded better sorting.

4. Discussion

In this study, three types of washover deposits (washover terrace,
perched fan and sheetwash lineations) from three different geomor-
phic settings were deposited at a maximum distance of 100 m from
the shoreline. A washover terrace with thick-bedded sand, thickness
ranging from 60 to 80 cm, was found at BT, whereas perched fans
with a thickness ranging over 15-50 cm were found at LT and MR.
Lastly, elongate narrow sheetwash lineations running parallel to the
flow direction were found at MR.

Sedimentary characteristics also showed the distinctive successions
that corresponded to the topography and were classified into two types
as (i) a thick-bedded sand, thickness ranging from 50 to 80 cm having
multiple reverse grading layers which show laminae at the bottom of
each layer, and (ii) a medium-bedded sand, thickness ranging from 15
to 20 cm which shows multiple normal grading layers. Here, in this
part, we discuss the controlling factors of washover preservation type,
flow condition and sedimentary characteristics from each location.
The differences in the geomorphic settings, washover type, flow condi-
tions and sedimentary characteristics are summarized in Table 1.

4.1. Preservation type and flow condition of storm washover deposits
We suggest that the different patterns of the washover deposits are

related to a series of controlling factors, i.e. topography, bathymetry and
flow depth, of which coastal topography is the major factor — a notion
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Fig. 10. (a) Elongated and narrow line of sheetwash lineations on the tidal floodplain at backshore. (b) Sheetwash lineations at backshore reflecting the flow direction from the NE
to SW. (c) New perched fan deposited on top of the sheetwash lineations at the backshore that was spilt inte 4-5 lobes at the distal part (d). (e} The muitiple laminae and foreset
bedding within the perched fan deposit showing the thin laminae layers at the upper part of perched fan deposit (f), the thick laminae layers at the middle part of the perched fan
succession (g) and the sketch of washover stratigraphy, based on observation during field study, showing the reverse grading in each layer (h).

that is in agreement with Morton and Sallenger {2003). The topography
also plays an important role in controlling the behavior of the flow con-
dition when and where the overwash occurs. Morton {2002) and
Morton and Sallenger (2003) reported that if the topography, in terms
of the land elevation, is relatively uniform alongshore and lower than
the maximum flooding level, it will be suitable for the unconfined
flow condition. Consequently, a uniformly wide band as a terrace may
be generated over a distance of hundreds of meters. In contrast, mor-
phological criteria that favor the construction of perched fans include
a narrow barrier island, low dunes, and gaps between dune crests.
When overwash occurs, flow will concentrate in this low topography
as a confined flow. Consequently, washover sediments are transported
and deposited much farther inland, leading to the construction of a
perched fan.

At BT, the beach configuration is gently uniform and the backshore to-
pography displays a wide swale, thus promoting an unconfined flow
(Fig. 11a). Therefore, when the overwash occurred during the storm
event, the washover terrace was constructed at the backshore and contin-
uously deposited into the swale as a wide band over a distance of 600 m
parallel to the shoreline. In contrast, at LT and MR, the beach morphology
and backshore topography are different. The beach configuration at LT is

moderately uniform and the backshore topography is densely covered by
pine trees (Figs. 11b and 7c). The non-uniform beach configuration and
pine trees at the backshore are an obstruction to the overwash flow,
resulting in a change of flow condition to be a confined flow, which
resulted in the construction of a perched fan along the non-uniform
beach zone at LT.

At MR, the beach configuration in the northern and southern parts
is wider than elsewhere, whereas the middle part presents a narrow
beach barrier. The surface elevation is slightly lower than the north-
ern and southern parts (Figs. 11c and 9e). Consequently, when the
storm surge hit the coast, most damage area occurred in the middle
part where the narrow beach barrier was present. As the barrier
was breached, the flow from the storm surge may have concentrated
at this location and caused the back-barrier area to flood rapidly. Sub-
sequently, sheetwash lineations were constructed behind the breach
and prograded into the tidal floodplain as far as 100 m from shore-
line. This is similar to the occurrence of sheetwash features resulting
from storm surge flow during an inundation regime, as reported by
Sallenger (2000). Three months later, a storm surge occurred at MR
again but the intensity was lower than in December 2010, as con-
firmed by the lower storm tide level. Therefore, the March 2011
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Summary of geomorphic setting, washover type, flow condition, and sedimentary characteristic in washover deposits from each area.

Features Ban Takrop Laem Talumphuk Khao Mai Ruak 1st event Khao Mai Ruak 2nd event

Topogfaphic setting Prograded shoreline Sand spit Beach barrier Beach barrier

Backshore topography Swale lower from beach ridge 2 m Flat coastal plain Tidal flood plain lower Tidal flood plain lower from
higher than beach ridge from beach ridge 2.5 m beach ridge 2.5 m

Erosional features

Storm impact regime
Flow confinement
Washover type
Deposit thickness

Number of layers
Vertical grading in layer
Sedimentary structure

Beach erosion

Overwash regime”
Unconfined flow
Washover terrace
60-80 cm

1
Reverse grading
Lamination, foreset bedding,

Beach erosion, scour

Overwash regime"h
Confined flow
Perched fan
15-20 cm

3
Normal grading
Horizontal bedding,

Beach scarp,
Breached barrier
Inundation regime*”
Unconfined flow
Sheetwash

30 cm at crest of
sand lineations

None
Sharp contact
None

Beach scarp

Overwash regime>3
Confined flow
Perched fan
50-30 cm

12

Reverse grading
Lamination, foreset bedding,
sub-horizontal bedding

Landward
None

Sharp contact
None

sub-horizontal bedding, dune bedform
wavy bedding
Bedding Inclination Landward Landward
Rip-up clasts None Present at bottom unit
Basal contact Sharp contact Sharp contact, erosional contact
Shell laminae None Common
Geometry Sand sheet, lobate sand, thickness Lobate sand, landward thinning

increasing in the depression

Lateral deposition Extensive Patchy

Elongate narrow parallel Lobate sand, thickness
to flow direction increasing in the depression
Discontinuous Patchy

* QOverwash regime occurring when wave run up superimposed on the water level exceeds the beach or dune crest.
** Inundation regime occurring when the barrier or beach is completely flooded by seaward running water body.

storm surge flowed as the overwash regime. As the barrier had still
not recovered from the prior storm surge, the March 2011 storm
surge focused at the same breached barrier zone. This breach promot-
ed the confined flow, thus the washover sediment was deposited as a
small lobe perpendicular to shoreline similar to those of the perched
fan type described by Morton and Sallenger (2003).

To confirm our findings on the relationship between topographic
factors and the pattern of washover deposits, we visited the BT and
MR areas again in early January 2012 soon after the storm surge in-
duced by temporary strong NE winds in December 2011. This storm
surge generated overwash flow across beach in the low-lying coastal
area from Prachuap Khiri Khan to Narathiwat provinces. At BT, the
new washover deposits were found in the backshore as a terrace pat-
tern similar to those previously described from storm surge events in
2007 and 2008. The new 2011 washover terrace at BT deposited on
top of the 2008 washover deposits and extended further inland to
the distal part as washover lobes (Fig. 123, b). At MR, we also ob-
served the new washover deposit, resulting from December 2011
storm, as a perched fan shape which was similar to the March 2011
washover deposit (Fig. 12¢, d). Many marine shells transported by
overwash flow were still preserved in the distal part of perched fan.
Similar pattern of washover deposit from the two events in the
same coastal topographic condition as found at BT and MR confirmed
that the coastal topography has influenced the specific patterns of
washover deposit. The repeat in the same pattern of washover depos-
it from different storms in the same affected area has also been
reported from the US coasts (Hardin et al., 1976; Morton and Paine,
1985; Morton and Sallenger, 2003).

However, the topographic condition is not the only factor that
influenced the washover depositional pattern since we had found loca-
tions with the same narrow beach topography where new sediment
was deposited as a perched fan on top of the sheetwash lineations.
This observation suggested that the magnitude of the storm surge is
also important. The sheetwash lineations from the December 2010
storm surge indicated the high magnitude of the storm surge where it
had more power in breaching the beach barrier to a distance as far as
100 m parallel to the shoreline. In contrast, the new perched fan de-
posits on March 2011 were indicative of a lower magnitude of storm
surge that did not cause any new scour to the beach.

According to the preserved types of washover deposits, the
perched fan and washover terrace yield a similar geometry of sand

sheet that showed a continuity of lateral deposition. In contrast, the
geometry of sheetwash lineations was narrowed and elongated paral-
lel to the flow direction resuliting either from deposition of sand erod-
ed from the adjacent beach/dune system or from the redistribution of
sand eroded locally (Morton and Sallenger, 2003). As a result of the
discontinuity in the lateral deposition, sheetwash lineations are
more difficult to preserve and identify in the geological record when
compared to perched fans and washover terraces.

4.2. Sedimentary characteristics of storm washover deposits

We found that the lateral discontinuity in the deposition of sheetwash
lineation is one significant characteristic making it difficult for these fea-
tures to be preserved. In this section, we focus mainly on the description
of sedimentary characteristics found extensively within the perched fans
and washover terraces.

Two types of sedimentary characteristics were identified from the
three areas, including (i) a thick-bedded sand, 50-80 cm in thickness,
showing multiple reverse grading layers and (ii) a medium-bedded
sand with thickness ranging from 15 to 20 cm and showing muitiple
normal grading layers. This characteristic of muitiple grading (reverse
or normal) layers is also similar to the storm washover deposit char-
acteristics reported from previous study elsewhere, as stated by
Schwartz {1982), Leatherman and Williams ({1983), Sedgwick and
Davis {2003), Morton et al. {2007} from the USA and Switzer and
Jones (2008b) from Australia. The formation of the thick-bedded
sand with several sand laminae at BT and MR (see locations in
Figs. 4 and 9) is thought to have been influenced by the coastal topog-
raphy and a high energy flow of storm surge. At both places, the
backshore topography is exhibited as a swale (at BT) and a wide
tidal floodplain (at MR) with surface elevation of 2-2.5 m lower
than the maximum beach ridge. These topographic conditions, espe-
cially the lower backshore topography, played a suitable role for trap-
ping the sediment and allowing it to be deposited as a thick-bedded
washover terrace and perched fan, as found at BT and MR, respective-
ly (Fig. 11a, ¢). Additionally, the existence of a large swale behind the
beach is also a good preservation zone for sediment arising from high
energy processes, such as a storm and tsunami, to be deposited and
last longer in the geological record (Phantuwongraj and Choowong,
2012).
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Fig. 11. Cross-shore topography and beach ridge configuration from three areas that control the preservation type and sedimentary characteristics of washover deposits. (a) A large
swale behind the beach and uniform beach ridge configuration result in a washover terrace deposit at BT. (b) A flat and high coastal plain topography behind beach with a
non-uniform beach ridge configuration results in perched fan deposits at LT. {c) The low-lying tidal floodplain behind the beach barrier associated with a non-vniform beach
ridge configuration resulting in sheetwash lineations and perched fan deposition at MR. Beach ridge configurations (looking from seaward to landward) and washover preservation
types (looking from top view). Cross-shore profile at BT is made from survey data, whereas BT and LT profiles are from qualitative sketch.

Reverse grading is one common feature observed in storm washover
deposits, as previously reported by Schwartz {1975), Leatherman and
Williams {1983), Sedgwick and Davis (2003), Morton et al. (2007),
Phantuwongraj et al. (2008) and Spiske and Jaffe {2009). Leatherman
and Williams (1983) proposed that reverse grading in washover sedi-
ments that show a heavy mineral layer at the base of units observed
from the Atlantic coastline of USA resulted from an in situ sorting pro-
cess which occurred when quartz and heavy minerals were initially de-
posited as a mixture, then post-depositional sorting allowed the heavy
minerals to work their way through the matrix and become concentrat-
ed on the bottom of the unit. Sedgwick and Davis (2003} also found re-
verse grading in washover sediments from Florida, USA that show the
concentrated heavy mineral in the unit which tended to be smaller in
grain size than the overlying sediments. They described that this kind
of reverse grading is a result of the basal concentrations of smaller
heavy mineral particles that have settled out of flow before the quartz
and carbonate fractions. At BT and MR, several sand laminae were
found within the washover sediment, which are expressed as multiple
reverse grading. These sand laminae, in which the grain size is smaller
than the overlying sediments, were found at the base of each layer sim-
ilar to the reverse grading in the washover sediment reported by
Leatherman and Williams {1983) and Sedgwick and Davis (2003).

According to the sedimentary transport mechanism of storm de-
position that is dominantly moved by traction processes {Morton et
al.,, 2007), the sediments are thus concentrated at the base of flow.
In this study, we suggest that the reverse grading in washover sedi-
ment may resuit from dynamic sorting during bedload transport
under the condition of high grain concentration in the overwash
flow. As the sediments are transported as traction load, the coarser
grains preferentially roll over finer grains, thus resulting in reverse
grading. Additionally, the sudden change of ground surface elevation
about 2-2.5 m from the beach ridge to the behind low-lying swale
during overwash may also induce the dynamic sorting of sediment

as well. Each layer of sand with reverse grading at BT and MR reflects
the pulsation of overwash flow in the overwash regime condition by
the wave run-up superimposed on the water level exceeding the
beach or dune crest.

In contrast, the beach ridge at LT is relatively small compared with BT
and MR. The backshore topography also exhibited as flat coastal plain
without swale (Fig. 11b). Small and narrow beach ridge implies that
the volume of sediment supply to form the beach at LT was also relative-
ly lower than that of BT and MR. Moreover, the flat and high topography
behind beach is also not favorable for trapping the washover sediment.
Therefore, when the overwash occurred, the washover sand was gener-
ated as medium-bedded sand with thickness ranging from 15 to 20 cm,
which is thinner than BT and MR due to the limitation in sediment sup-
ply and the high and flat backshore topography (Fig. 11b). As suggested
earlier, the high grain concentration and the backshore slope condition
were thought to influence the occurrence of reverse grading at BT and
MR, however at LT these two factors were totally ruled out. Due to the
low grain concentration in the overwash flow and relatively uniform
backshore topography, these conditions probably favored the formation
of normal grading at LT area (Fig. 11b). The difference in washover pres-
ervation style and depositional characteristics are the result if the differ-
ence in coastal morphologies, vegetation types and densities and
sediment properties, as stated by Wang and Horwitz {2007).

The sedimentary structures found in the thick-bedded washover
deposits at BT and MR include sub-horizontal bedding, reverse grad-
ing, lamination, foreset bedding and wavy bedding. At LT, where
washover deposition is exhibited as medium bedded, the sedimenta-
ry structures are composed of normal grading, horizontal bedding,
rip-up clasts, and dune bedforms. These sedimentary structures are
similar to the common sedimentary structures of storm washover de-
posits as stated earlier, except rip-up clasts that are not often
reported for storm deposits. From our three study sites, washover
successions were expressed in the inclined bedding in a landward
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Sep 2009

Fig. 12. Series of photographs taken from 2009 to 2012 and sketch maps showing similar pattern and shape of washover deposits in the same topographic area resulting from two
different NE monsoon surge events. (a) Washover deposit as a terrace at BT resulting from the 2007, 2008 and 2011 NE monsoon surge. (b) Sketch map of BT area demonstrates the
increase in landward penetration of washover sediment from 2009 to 2012. (¢) Washover deposits as a perched fan shape behind beach at MR area which resulting from the 2010
and 2011 NE monsoon surge. (d) Sketch map of MR area demonstrates the increase in landward penetration of washover sediment from year 2011 to 2012.

direction with a basal sharp contacts that is commonly recognized as
a typical feature of storm washover deposit elsewhere (e.g., Schwartz,
1975; Sedgwick and Davis, 2003; Wang and Horwitz, 2007).

The occurrence of similar sedimentary characteristics of storm
washover deposits from Thailand and different places around the
world confirms the same storm-induced processes that often result in
the similar sedimentary characteristics. When comparing these typical
storm depositional characteristics to the other high energy process,
such as tsunami deposits, there are several features that also found in
tsunami deposits, including normal grading, reverse grading, lamination,
and landward inclination (e.g. Atwater and Moore, 1992; Hindson et al,,
1996; Bondevik et al,, 1397, Bourgeois et al.. 1999; Clague et al,, 2000;
Nanayama et al, 2003; Nanayama and Shigeno, 2006; Higman and
Bourgeois, 2008; Monecke et al, 2008; Sawai et al., 2009; Fujino et al.,
2010; Naruse et al, 2010; Srisutam and Wagner, 2010). However, in
this study we found some features that can be used to differentiate
storm from tsunami deposits, including the number of layers, the multi-
ple reverse grading layer, and foreset bedding structure. The number of
layers in the storm deposits tended to be higher than in the tsunami
deposits, which is confirmed by the eleven to twelve layers of storm
deposits found in BT and MR, which is similar to the multiple layers of
storm deposits found in USA and Australia (Morton et al, 2007;
Switzer and jones, 2008b). Furthermore, the multiple reverse grading
layers and foreset bedding structure of storm washover deposits from
BT and MR also suggested that these structures are more common in
storm deposits than those we found in tsunami deposits, in agreement
with those reported by Morton et al. (2007).

5. Conclusions

Small-scale washover sediments resuiting from storm surges during
2007-2011 were observed from the southern part of Thailand at (1) BT,
Surat Thani, (2) LT, Nakhon Si Thammarat, and (3) MR, Prachuap Khiri
Khan on the eastern side of Thailand Peninsula. The geomorphic setting
of these three areas included a prograded shoreline at BT, sand spit at LT
and beach barrier at MR, Overwash flow induced by (i) temporary
strong NE wind during the NE monsoon season in 2007-2010 and (ii)
a low-pressure system in 2011 that occurred along the shoreline in
the area where the coastal topography elevation is not higher than
2.5 m above the MSL The maximum inundation distances from the
storm surges are fimited to 300 m from the shoreline. Three types of
washover deposits, being perched fan at MR and LT, washover terrace
at BT and sheetwash lineations at MR, were found behind the beach at
a distance of 100 m from the shoreline.

The washover sediments displayed two types of sedimentary charac-
teristics, (i) a thick-bedded sand, thickness ranging from 50 to 80 cm
having multiple reverse grading layers and laminae at the bottom of
each layer, as seen at BT and MR, and (ii) a medium-bedded sand, thick-
ness ranging from 15 to 20 cm, which shows multiple normal grading
layer, as seen at LT. The sedimentary structures found in the thick-
bedded washover deposits at BT and MR included sub-horizontal bed-
ding, reverse grading, lamination, foreset bedding and wavy bedding.
Whereas, normal grading, horizontal bedding and dune bedform were
common in the medium-bedded washover sand at LT. Rip-up clasts
were also found in the washover deposit, particularly in the bottom



S. Phantuwongraj et al. { Geomorphology 192 (2013) 43-58 57

unit where the mud supply was available. Washover successions were
characterized by inclined bedding in a landward direction with a basal
sharp contact.

Coastal topography, especially the beach configuration, which con-
trols the flow condition during the overwash, was seemingly the major
factor that influenced the preservation type of washover deposits behind
the beach. A uniform beach configuration that promoted an unconfined
flow was suitable for generating the washover terrace, as found at BT. In
contrast, a non-uniform beach configuration that promoted a confined
flow was appropriate for the formation of a perched fan deposit, as ob-
served at LT and MR. However, the magnitude of storm surge can also in-
fluence the washover preservation type, as we observed perched fan
deposits superimposed on sheetwash lineations in the same place at
MR. The sedimentary characteristics of the washover successions were
also influenced by the coastal topography, including the beach ridge el-
evation and backshore topography. A high beach ridge associated with a
large swale at the backshore was suitable for trapping the sediment to
form a thick-bedded sand of washover deposit, as recognized in 50-
80 cm thick washover sediments at BT and MR. In contrast, a small
beach ridge with a high and uniformly flat backshore topography pro-
moted the deposition of a medium-bedded sand, as seen from the 15-
20 cm-thick washover deposit at LT. Reverse grading at BT and MR
was interpreted as a result of dynamic sorting during bed load transport
influenced by a high grain concentration in the overwash flow and
backshore slope condition. In contrast, at LT, low grain concentration
and low backshore slope condition led to the formation of normal grad-
ing in the washover succession.
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Abstract

At Bang Berd Bay, a remarkable wind blown sand dune lies almost parallel to the present
coastline with its highest elevation about-20 m above the present mean sea level. The
formation of sand dune here has not yet concluded. This paper shows a result of Ground
Penetrating Radar (GPR) to visualize the invisible dune structures as well as applying a
remote sensing data to map the distribution. As a result from aerial photograph
interpretation, dune morphology shows a majority of parabolic and transverse patterns.
GPR profiles revealed some obvious macro-scale sedimentary patterns, clear boundary of
dune overlying on the prograded beach ridge plain. Based on macro-scale sedimentary
patterns, lee and stoss angles of some burial dunes from GPR signals and dune morphology
indicated the direction of wind blown mainly from the east to the west. Series of beach
ridges underneath sand dune indicated seaward progradation. This seaward progradation of
beach ridges inferred its formation possibly after the mid-Holocene highstand. Thus, the
formation of dune may have occurred during a dry condition probably during and after the
mid-Holocene regression. OSL datings also reveal that the upper part of dune profile depth
at 1-3 m formed between 2,220 to 2,960 years ago.

Keywords: Coastal dune, dune formation, Holocene, GPR

1. Introduction about 20 m above the present mean sea level.
The highest elevation of dune is generally
located in the south of Bang Berd Bay and
decreased both altitude and its extension to
the north ending at the northern headland.

Bang Berd sand dune is located at
Bang Berd Bay, Pathio district, Chumphon
province, in the western coast of the Guif of
Thailand (figure 1).

The distribution of wind blown sand
dune in the western coastal plain of the Gulf
of Thailand is very limited and left behind
some significant geological challenges for the
explanation of its formation in relation with
the past climate condition. Thus, this study is
aimed to characterize sand dune morphology
and sedimentology as the basic geological
clues for explaining its formation. The GPR is

also applied to visualize internal dune 2. Methods

structures.

At Bang Berd Bay, a remarkable
wind blown sand dune lies almost parallel to
the present coastline with its highest elevation

Ground-penetrating radar (GPR) is a
geophysical method that basically uses radar
pulses to image the subsurface morphology.
The GPR images are also available to

Lertnok et al. Bang Berd sand dune formation. Vel 3. No.1.pp. 1727 17



document and enhance the macro-scale
internal dune structures both within the dune
itself and the beach deposition underneath.
GPR was undertaken for the first time at
Bang Berd sand dune during October 2008. In
this study, Plus 200MHz GPR was used. The
radar frequency and the properties of sand
dunes limited the penetration of the radar
signal to the uppermost 5 m. The reflections
are recorded in real time and displayed on a
monitor in the field to provide real-time data
quality. During the survey, traces were
collected every 0.50 m. A survey shore-
normal and shore-parallel transect were 12

Bulietin of Earth Sciences of Thalland

lines, with a total length of 1,510 meters
(figure 1) were also assigned to characterize
the continuity of deposit, boundary between
beach and dune and thickness of dune.
Basically, GPR lines were conducted along —
transects oriented parallel and perpendicular
to the dune’s downwind axis. Transects
parallel to the prevailing wind are labeled as
GPR 4, GPR 5, GPR 7, GPR 9, GPR 10, GPR
11, and GPR 12. Transects perpendicular to
the prevailing wind are labeled GPR 3, GPR
6, GPR 8, GPR 13, and GPR 14.
Consequently, the profiles were not extended
onto the slip-face.

3% Bang Berd sand dune,
Chumphon province

Figure 1. Bang Berd sand dune is located at Pathio district, Chumphon province, the western
coast of the Gulf of Thailand. GPR lines survey was conducted along — transects oriented parallel
and perpendicular to the dune’s downwind axis, 12 lines (total length 1,510 m).
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3. Results

3.1 Distribution of sand dune and dune
morphology

As a result from aerial photograph
interpretation, dune field distributes along the
coastal plain mostly parallel to the present
shoreline. In general, dune field can be sub-
divided into two zones; the coastal dune close to
shore and the former dune close to swampy area
in the west.

Coastal dune lies parallel to the
shoreline in almost north-south trending with
dimension of the dune body as wider as 500-
600 m in the north and subsequently narrower
to the south. Dune in the northern part of the
area owns very low elevation with small
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irregular topography in comparison with the
southern part. However, the widest dune field
is recognized in the middle part of the area
where the highest elevation reached about 20
m above the present mean sea level. Dune in
the southern part becomes narrow but the
elevation is somewhat equivalent to dune in
the middle part. Old sand dune is interpreted
to overly on top of the former beach deposits
with its wider distribution than those younger
dunes.

Dune morphology shows a majority of
parabolic and transverse patterns. Star shapes
were rarely and locally recognized (figure 2).
Most of dune morphology indicated the
direction of wind blown mainly from the east
to the west.

Figure 2. Patterns of sand dune with their distributions. Parabolic shape dominates in the outer
part of dune field close to shore; transverse pattern is dominates in the western end of dune field
and star pattern is locally recognized in the southern portion.

Lertnok et al. Bang Berd sand dune formation, Vol. 3. Ne. 1. pp 1 7-27 19
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3.2 Ground Penetrating Radar

The characteristic reflection patterns
of radar signal related to depositional
environment from this dune field is mainly
followed by Overmeeren (1998), Neal (2004),
Hogenholz and Moorman (2007) and
correlate with logging data from DMR (2006)
and hand augers drilling.

3.2.1 GPR profiles oriented parallel to the
prevailing wind

The resolution in the radargrams was
sufficient enough to view in detail the internal
sedimentary structures. Most of profile shows
the clear contact between marine sediments
on bottom and eolian sediment on top. The
characteristics of marine sediment are
classified into 2 types. The first is beach ridge
(unit B1) generally dip seaward and littoral
deposit (unit B2) (Figure 3). Within unit B1,
radar profiles of GPR 9 and GPR 10 showed
the sharp contact between three different dune
generations (unit D1, D2 and D3) by third order
bounding surface (Figure 4). All sub-units
represents to coastal sand dune with cross-
bedding in foresets and bounding planes. Sets
of foreset dipping are rather steeply to the
east. Major slip-faces are inclined to the
western part of dune, representing the
probable major direction of wind blown of its
formation was from the east to the west.
Although, radar signals at the top most of the
dune in some places were chaotic, but they
represented the winds have changed the
direction seasonally. The water table was also
detected and its depth was checked by
measuring the depth from hand auger drilling
and DMR logs (2006). The regional water
table can be related with continuous high-
amplitude reflection inside the beach ridge
structure (Figure 4). Channel filled deposit
(unit C) underneath beach ridges (Figure 5),
is described as the trough-shaped reflections
that possibly belong to braided small
channels. Gravels are also found in this
channel-filled deposit.
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3.2.2 GPR profiles oriented perpendiculars to
the prevailing wind.

GPR transects of the actively migrating
on crest of dune showed the characteristic of
coastal sand dune with cross-bedding in
foresets and bounding planes. Sets of foreset
dipping are rather steeply both to the north
and the south. Profiles in GPR 13 and GPR
14 showed the contact between marine
sediments on bottom and eolian sediment on
top. Radar signals of beach ridges are sub-
parallel and continuous.

3.2.3 Radar surfaces, Packages, and Facies

Radar lines along the windward slope
and the crest of dune revealed a downwind
dipping foreset bedding plane to which this
structure is commonly recognized in the
parabolic dunes, as well as other features
visible within and below the dunes.

From the foregoing description of the
radar profiles, those features of internal
structures within the dune are possible to
distinguish into GPR units using the
principles of radar stratigraphy, which relies
on the identification of systematic
terminations or boundaries, to qualitatively
classify different reflection patterns from the
profiles. This classification is the first used of
GPR facies in this area and can be served as a
basis for the comparison with the other future
dune studies. Parabolic dune description here
may also serve as a reference for comparing
with other dune morphology elsewhere along
this coastal area.

The main feature from the radar
profiles can be classified into 2 radar
surfaces, 2 radar packages and 5 radar facies
(figure 6). A qualitative scene was used to
describe the relative dip of reflections
because, however, it is not know whether or
not the migration produced accurate dip
angles (i.e., high-, moderate-, and low-
angel). It is important to recognize that the
discrimination of sedimentary surfaces,
packages, and facies is highly subjective and

Lertnok et al. Bang Berd sand dune formation. Vol 3. No. 1. pp. 1727 20



dependent in the term of reference. The
classification of radar surface in this paper is
mainly followed the terminology proposed by
Neal (2004) and Hogenholz et al. (2007) in
order to identify and describe the main radar
surfaces, packages, and facies.

Radar surfaces are termed as the
bounding surfaces and represent depositional
breaks or unconformities in the sedimentary
sequence. Radar packages are depositional
units consisting of genetically related strata
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that are bounded top and bottom by radar
surfaces or bounding surfaces. Radar facies
are comprised of sets or reflections with
distinctive shapes, dip, and continuity that
represent the bedding and internal structure of
a sedimentary facies (Neal, 2004; Hogenholz
et al. (2007).

GPR S

A

Nob iy scade

175 m

Wind direction

muarine depogitional E
l}l 132

Figure 3. GPR 5 was conducted along — transects oriented parallel to the dune’s downwind axis.
The characteristics of marine sediment are beach ridge (unit Bl) generally dip
seaward and littoral deposit (unit B2) horizontal layer. Slip-faces of dune represent the
probable direction of wind blown from the east to the west.
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Figure 4. GPR 9 and GPR 10 were conducted along — transects oriented parallel to the dune’s
downwind axis, showing the contact between three different dune generations (unit
D1, D2 and D3) by third order bounding surface (mark 1, 2 and 3 in picture).
Direction of wind blown was expected from the east to the west.

GPR 11
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ﬁg water table A
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Figure 5. GPR 11 was conducted with orientation parallel to the dune’s downwind axis,
showing a trough shape underlie beach ridges represent to channel fill deposit (unit
C). Direction of wind blown was expected from the east to the west.
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In this survey, the two radar facies are
classified as the concordant (Rsl) and the
erosional truncation (Rs2). The two radar
packages are spur (Rp1) and trough (Rp2) and
the other 5 radar facies included a planar
(Rfla) and wavy (Rfib) representing the
reflection configuration of shape. High angel
planar (Rf2b) and high-oblique angel
tangential (Rf3b) represented the reflection
configuration of dip.

Result from GPR showed some
obvious macro-scale sedimentary patterns,
especially the lateral and vertical extensions of
the older dune superimposed by the younger
one. Clear boundary of dune and the underlain
prograded beach ridge plain is also detected
from GPR. Based on macro-scale sedimentary
patterns, lee and stoss angles of some burial
dunes ascribed mainly two directions of wind.
First was formed by wind blown from the north
to the south and second was in almost northwest
to southeast direction. This result in analyzing
wind direction based on GPR signals is
corresponded well with dune morphology
interpreted from aerial photographs and the
modem record of wind blown direction.

3.2.4 Radar facies from GPR

Stratigraphy units from the radargrams
are shown as eolian deposit, marine deposit
and channel fill deposit. Eolian deposits have
signal represent to grain movement to form
dune, comprised of sets of reflection with
distinctive shape, dip and continuity that
represent the bedding and internal structure of
a sedimentary facies. Eolian unit can be
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identified by third order bounding surface
(mark 1, 2 and 3 in figure 4.6), divided in to
three sub-units are D1, D2, D3 represent to
three phases of sedimentation. Eolian unit D1
is depositional history appears to be of more
complex nature, judging by variation of the
foresets dips inside D1. Units D2 and D3
shows dip angles about 30° in W-E direction.
Therefore, judging by the similarities of the
foresets dips inside D1, D2 and D3, the
prevailing past wind was probably from the
east to the west.

The horizontal layer of littoral deposit
from GPR signal can correlate with the
profile of sand sheet at the coastal, northern
study area. The characteristic of seaward
prograded can define to beach ridge.
Sediments from dune and beach ridges are
differentiable by characteristics of sand
sediments, especially color. A trough-shaped
reflection underlies beach ridges layer,
correlated with the core logging of DMR
(2006) can define to channel fill deposits.
Radar surface is occurs between layer of dune
deposit, marine deposit and channel fill
deposit, represent depositional breaks or
unconformities in the sedimentary sequence.

3.3 Optically Stimulated Luminescence
(OSL) dating

Samples for OSL dating were taken
from the topmost layer (depth at 1-3 m from
surface) of dune profile. Result of OSL dating
of sand grains indicates the age of dune
deposited between 2,220 to 2,960 years ago.
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Radar surface Interpretation
Cencerdant Confermities deposits of dure on
Re1 beaach ridge surface
Rs2 Erosional Ercsicna! of beach ridge surface
frurcation
Radar package interpretation
Rpt & : Spur Central core of erssional ramnant
Rp2 Trough Scour and il
Radar facies interpretation
Rfta Grains deposils by creep, coarser
aarticles.
Rf1b Grainflow andior grainfall
Rf2a Grainz deposits by creep, iittzral
deposit
Rf2b High argle plarar  Grairfall cross-strata
Rf2¢c High-oblicue Grainflow andicr grainfall cross-
angie tangantial strata
Reflection configuration : dip

Figure 6. Main feature from the radar profiles can be classified into 2 radar surfaces. They are
concordant (Rs1) and erosional truncation (Rs2). Two radar packages are spur (Rp1) and trough
(Rp2) and five radar facies included a planar (Rfla), wavy (Rflb), horizontal (Rf2a),
High angel planar (Rf2b) and high-oblique angel tangential (Rf3b).
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4, Discussions

4.1 Wind-blown directions

Dune morphology and orientation
detected from aerial photograph indicated a
majority of parabolic and transverse patterns,
whereas, star shapes were rarely and locally
recognized. They formed under the condition
that the wind energy was able to carry
sediments from the beach in a landward
direction and deposited them wherever an
obstruction hinders further transportation.
Source of sediment supply to form the dune
was likely the key limiting factor in the
explanation of dune development of this area.
However, most of dune shapes indicated the
major directions of wind blown from the east to
the west.

It is interesting that dunes in this area
formed where the constructive waves
encouraged the accumulation of sand, and
where prevailing onshore winds possibly
blown this sand inland. There needed to be
obstacles (e.g. vegetation, pebbles etc.) to trap
the moving of sand grains. As the sand grains
got trapped they started to accumulate,
starting dune formation. The wind then
started to affect the mound of sand by eroding
sand particles from the windward side and
depositing them on the leeward side.
Gradually, this action caused the dune to
migrate inland as it did so it accumulated
more and more sand.

This work proofed that the GPR
survey over the surface of an inactive
parabolic sand dune in Bang Berd, Chumphon
province provided excellent detail of the
macro-scale internal structures within the
dune itself and beach deposits. The radar was
able to resolve a variety of high-angle, low
angel, and curved reflections that are
interpreted as the primary sedimentary
structures. Radar profiles parallel to the
direction of migration also revealed a
complex arrangement of cross-strata that
reflects different phases in the development
of dune. Major slip-faces are found from the

Butletin of Earth %5&%@@@@3 of Thailand

western part of dune, representing the
possible major direction of wind blown of its
formation from the east to the west.

4.2 Dune formation

The rtecent environmental history of
coastal dume systems from Bang Berd,
Chumphon province, has been examined
using the combination of result from
geomorphological, GPR, sedimentological
and OSL dating techniques. Dune
stratigraphies were determined mainly from
10 GPR survey lines. All dunes here are
associated with the regressive shorelines
consequently upon a fall in relative sea level
(RSL) from its Holocene highstand peak, and
indicated RSL functioned as a macro-scale
control on dune development. Where dunes
are anchored on terrestrial sediment, dune
expansion may have been either transgressive
or regressive in’nature. Where near-shore
marine sediments formed the dune substrate, a
regressive (prograding) dune model seems
most likely. Most dune building occurred
probably in association with specific climatic
and morpho-sedimentary conditions, principally
periods of easterly circulation, a greater
frequency of severe Gulf of Thailand storms,
RSL fall, and sediment and accommodation
space availability. The majority of dune
formation here is, therefore, inferred to have
formed in the early Holocene.

Stabilized parabolic sand dunes are
extensive in the northern part of Chumphon
province. Orientations of the parabolic dunes
indicated a paleo-wind blown from the east to
west. The age of dune formation (2,220-2,960
years ago) also confirmed its formation
continued to the late Holocene to which an
earlier dry phase is expected to cause the
extensive eolian sands. The underlied
parabolic dunes are likely formed during the
early to middle Holocene; whereas some are
currently exposed to the surface. Some of
these older sands may represented the dry
environment during the mid-Holocene where
the river distributaries are rejuvenated leading
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to an increase in the supply of sand and silt.
Meanwhile, beaches are widened and beach
ridge dunes may possibly be able to form.

4.3 Possible sources of sand dune

Based on dune sedimentology, GPR
and aerial photographs, the major sources of
fine to very fine-grained sand to form a
majority of parabolic dune here are possibly
from the dry Quaternary sediments locating in
the western and the northwestern parts of the
bay. Series of prograded beach ridges
underneath sand dune indicated seaward
deposition. This seaward progradation of
beach ridges are inferred its formation after
the mid-Holocene highstand (Choowong et
al., 2004). Thus, the formation of dune may
have occurred during a dry condition
probably during and after the mid-Holocene
regression (Havholm et al., 2003; Orford et
al, 2003; Pederson and Clemmensen, 2005;
Tamura et al, 2008).

5. Conclusion

The goal of this paper is to
characterize sedimentology and morphology
of sand dune in the study area for evaluating
the possible sources of dune and build up
model dune formation of study area. Results
of study are concluded as follows:

(a) Dune in this area showed a
majority of parabolic pattern; whereas linear
and star shapes are localized.

(b) Dune texture is characterized by
very homogenous fine- to very fine grained
sand mainly. Very rare micro-scale sedimentary
structures were observed.

(c) Major direction of wind blown
was expected from the east to the west
direction.

(d) OSL datings in the top-half of
sand dune profile revealed that the formation
of this dune section was at around 2,220-
2,960 years ago.

(e) Possible sources of Bang Berd
sand dune are thought to come from the
Quaternary sediments locating in the western
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and northwestern part of the bay, and
transported to deposit by wind and the minor
part on top of dune profile shows some clues
of its formation during storms.

(f) Formation of dune may have
occurred during a dry condition probably
during and after the mid-Holocene regression.
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Abstract

Chumphon coastal zone in southern Thailand owns its very long coastline and the coastal
area preserves spectacular geomorphological landforms especially beach ridge plains. The old
set of beach ridge plain was recognized clearly from satellite images in which it is Jocated
almost 10 km far away inland from the present shoreline. This geographic setting of beach
ridge plain can be inferred the rising and falling of sea-level in the past. Not only series of
beach ridges we recognized, the old lagoon, old tidal flat, and old intertidal flat were also seen
farther inland. They show the progradation seaward direction.

Keywords: Coastal geomorphology, Chumphon, Beach ridge plains

1. INTRODUCTION

The study in history of sea level
change with close relation to the evolution
of coastal landforms can be indicated from
the progradation of beach ridge plains; the
plains that were possibly deposited at the
same time of the mid to late Holocene
marine regression (Choowong et al., 2004).
At Pak Nam, Chumphon there has been
mentioned that the Holocene sea level
transgression has reached about 10 km
inland (Choowong, 2002b). Thus, the
formation of coastal plain in this area may
be related to the history of sea-level change
and the evolution of the coastal landforms.
Additionally, the western coastal area of the
Gulf of Thailand, particularly at Chumphon
exhibits various geomorphological
differences which these geomorphological
features may own its individual depositional
style that reflected the difference in direction
of longshore current.

~

2. OBJECTIVE AND METHODS

The  interpretation  of  aerial
photograph and satellite images is one
practical way to recognize the orientation of
beach ridge plain here at Pak Nam. Not only
the recent geomorphology can be seen from
the aerial photograph and satellite image, but
the relict coastal landforms that are located
far away inland can also be recognized
clearly. The aerial photographs applied to
this study are approximately 1:50,000 scales
officially produced by the Royal Thai
Survey Department, 1998 covering Amphoe
Muang, Changwat Chumphon. The aerial
photographs include the area number 0066,
0067 ,0068 ,0069, 0070, 0118, 0119, 0120,
0121 and 0122 (Figure 1). After aerial
photograph interpretation, the coastal
geomorphological mapping in the field was
done with special attention to classify and
describe each of interpreted landform. All
maps were done by ArcMap program.

Nimnate et al _Beach ridge plains at Chumphon. BEST, Vol. 5, No. 1, 39-48
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Figure 1. Mozaic of aerial photographs covering the study area (not to scale) (modified from
Thai Survey Department, 1998).
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Figure 2. Interpreted coastal geomorphological map of Pak Nam Chumphon, Amphoe
Muang, Chumphon.
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3.1 Classification of landforms

The aerial photographs
interpretation of  geomorphological
landform can be divided into 6 units as
follows:

3.1.1 Old sandy beach

Three different beach ridges are re-
defined as entirely wave formed deposits
which are most commonly formed during
high wave conditions and/or elevated
water levels (Hesp et al., 2005). Old sandy
beach ridge shows dark gray color curve
line, and it branch out to many line in one
series of beach ridge. It is irregular
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topography. We recognize at least 3 series
of beach ridge plains here where they
show different direction of longshore
current. The direction of longshore current
of the inner beach ridge series is oriented
in northward direction and at the end it
split into four small beach ridge lines.
Longshore direction of the middle and
outer beach ridge series changed to
southward direction, and there is extensive
of small beach ridges at the end of each
series. The area in between beach ridges is
commonly displayed as old lagoon. The
elevation of former beach ridge is 4-5 m
higher than the present beach at the
shoreline.

Ridge and svxﬂrgtéw
T1-PN9

Uptand, mavntaing ang seland

e 1806 3006 6205

Figure 3. Old sandy beach (beach ridge) and old lagoon (disturbed swale) in inner ridge

series.

Wim

gte et al  Beuch ridge plains at Chumphon, BEST. Vol 5, No. 1, 39-43



3.1.2 Old lagoon

Old lagoon can be seen in light
gray color and flat topography. The former
lagoon in some regions is disturbed by
aquaculture area (shrimp farm) and man-
made canal. It is commonly located

wressiidngwmilalady
Hologene Gromasphoiagic Und
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between old sandy beaches. This landform
are composed of mud, sandy mud

confound with shell, shell fragments and
peat. Almost of old lagoon is being made
as agriculture palm forest. Some areas we
found oyster shell fossil and other shell
fossil.

crest of ridge

¥ sRmly beach

s
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$8 24
Yeung sandy beach

BE8 00 vt

it Flat

Figure 4. Old lagoon in between old sandy beaches is commonly composed of muddy sand
and mud with some peat fragments.

3.1.3 Young sandy beach

Young sandy beach is white color,
long and narrow line at the present
shoreline. Its geomorphology is
contributed by headland as Khao Matsi,
and it is sandstone headland. Younger

sandy beach is located at Ao Pak Hat, Hat
Pharadon Phap, Had Sai Ree and Ao
Thung Kham Yai. Young sandy beach is
commonly gentle slope and is composed
of laterite and lateritic granule. The
younger beach ridges occur parallel with
the shoreline.
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Figure 5. Young sandy beach in Ban Kho Son is gentle slope to seaward.

3.1.4 Old tidal flat

Oild tidal flat can be seen in gray
color and flat topography in aerial photo.
This area has been affected by incursion of
sea water via tidal inlet. Mud sediments
with shell fragment are dominated. The
evidence of shell fragments indicates
former tidal flat environment (Sinsakul,
1988).

3.1.5 Mountains

Jurassic  pebbly sand stone,
sandstone, siltstone hill are exposed in the
eastern part of the area. These mountains
are in NE-SW area in Lam Thab
Formation (Ridd, 2012).

3.1.6 Intertidal flat

Inter tidal flats can be seen in light
gray color and are located in coastal
wetlands. Inter tidal flat forms when mud
is deposited by tides or rivers. Intertidal
flat may be viewed geologically as
exposed layers of bay mud, resulting from
deposition of estuarine silts, clays and
marine animal detritus. This
geomorphological feature is composed of
tidal channels.
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Figure 6. Old tidal flat compose mainly of gray-dark gray mud may be and found shell and

shell fragment.

3.2 Sedimentology of beach ridge and
swale

The sedimentological study in Pak
Nam Chumphon area has been done by
collecting sample in different landforms.
Old sandy beach and old lagoon are
interested in this study and hand augers
were carried out. The average depth of the
drilling is approximately 300 cm. The
basic description of sediment samples was
recorded during fieldwork based on
lithologic description that is described
from the oldest layer in bottom to the
youngest layer at top soil. Inner most
beach ridge (old sandy beach) are found at
station TI1-PN1.The location of beach

143

ridge, UTM grid of 519617 E 1153469 N
on map sheet number 4829 IV (Amphoe
Maung Chumphon). The 400 cm is the
total thick and depth of the core. It can be
described into 8 layers as shown in figure
6.

Old lagoon location is located at
UTM grid of 519649 E 1153504 N on map
sheet number 4829 IV (Amphoe Maung
Chumphon). The total depth of the core is
the 190 cm. It can be described into 2
layers and some layers were disturbed
from human and animal as shown in
Figure 7.
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Figure 6. The lithologic log of
. inner most old beach sand at
station T1-PN1.

Uthology Layer comtact h"‘;:“@ Descripion
, 126 | Mod brownish grey o grey;
. Dt wwmm [T
in the battom of layer fourd peat
fragmunt.

Figure 7. The lithologic log of
old lagoon at station T1-PN2.
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The cross section shows elevation of each fossils were also recorded in some small
landform relate to the present mean sea swamps between ridges. These shell
level in Pak Nam Chumphon area is shown assemblages indicate shore or near shore
in figure 8. It shows the progradation of environment.

beach ridge to seaward direction. Shell
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Figure 8. Geomophological map of Pak Nam Chumphon, Chumphon province western of
Thailand (top) and cross section along transect line AB (bottom).
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4. CONCLUSIONS

The geomorphological classification of
coastal landform of the area, has led to
following conclusions:

1. The coastal geomorphology can be
divided into 6 units as old sandy beach, old
lagoon, young sandy beach, old tidal flat,
upland and mountain, intertidal flat and it
can be related with sea level change.

2. The evident of shell and peat fragments
indicates former tidal deposit (Sinsakul,
1988). Broken shell fragments in the
marginal area indicate a relatively shallow,
near shore environment.

3. Aerial photo interpretation is first key to
reveal historical change and can be help to
detect the longshore current direction
using trend of former beach ridge that
prograding to seaward.
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Quaternary deposits in Thailand crop out widely in five physiogra-
phical regions: (1) the highlands of Northern Thailand; (2) NE
Thailand; (3) the Central Plain; (4) the Upper and Lower Gulf of
Thailand coast; and (5) the Andaman Sea coast (Fig. 12.1). Classi-
fication of the Quaternary depositional environments in Thailand
has tended to be largely dependent on the relationship between
landforms and the chronological evidence. The Pleistocene deposits
are mainly found to be related to changing river courses, alluvial
and braided systems and the degree of weathering of the rock base-
ments. Instances where deposits are related to neotectonics are rare
in the literature. Holocene deposits were much influenced by
changes in climatic conditions and the sea level.

The distribution of Quaternary deposits (Fig. 12.2) reflects a
variety of physiographic settings which in turn determine the strati-
graphy from one region to another. In the highlands of the north of
the country, the river systems are constrained by the complex base-
ment geology and fluvial deposits reflect this. They are present
along the four major river courses (the Ping, the Wang, the Yom
and the Nan). They were laid down within restricted intermontane
basins, generally as terraces within a limited avulsion plain. Some
deposits derived from basaltic rocks are locally lithified. In NE
Thailand where Mesozoic sandstones form the basement rocks of
the Khorat Plateau, relict terrace gravel beds and aeolian sandy
soil (possibly loess) are the dominant Quaternary deposits. Large
areas of Quaternary deposits occupy the low-lying Central Plain
and the coastal plain of the Gulf of Thailand. Along the Chao
Phraya River of the Upper Central Plain the deposits are fluvial-
dominated. Downstream from Nakhon Sawan to Ayutthaya the
Chao Phraya is joined by tributaries including the Sakaekrung,
the Lopburi and the Pasak Rivers. In that zone and in the Lower
Central Plain there was interaction between Holocene fluvial and
marine depositional environments which resulted in great thick-
nesses of brackish and marine sediments. Along the coastal plain
of the Gulf of Thailand and the Andaman Sea coast, the deposits
are considered to be the product of the Holocene marine transgres-
sion and regression, and to have formed in both tide- and wave-
dominated environments. Wind-blown sand dunes of probable
storm origin have been recognized locally.

History of Quaternary studies in Thailand

Pioneer geological mapping of Quaternary deposits on a
regional scale was carried out by Brown et al. (1951). Extensive
research began a decade later to relate Quaternary deposits to
eustatic changes in sea level and episodes of coastal evolution
during the late Pleistocene and Holocene (e.g. Alexseev &
Takaya 1967; Takaya 1968, 1971, 1972; Hattori 1969, 1971,
1972; Supajanya 1981, 1983; Takaya & Thiramongko! 1982; Chon-
glakmani et al. 1983; Thiramongkol 1983a-c¢; Chaimanee et al.
1985; Sinsakul 1992; Somboon & Thiramongkol 1992; Robba
et al. 1993) (Table 12.1). In the Lower Coastal Plain, where most
of these studies were carried out, Pleistocene exposures are very

Quaternary
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rare and so interpretations are mostly based on subsurface uncon-
solidated sediments.

In the past decade a number of researchers have used geomor-
phological evidence to infer Holocene sea-level history. Geophysi-
cal surveys over onshore and offshore Quaternary deposits and the
interpretation of possible physical evidence left behind by sea-level
changes have revealed information about the detailed Quaternary
environment (e.g. Intasen er al. 1999; Choowong 2002a—d). The
first sea-level curve for Thailand was constructed by Sinsakul
et al. (1985) and revisions have been constructed by, for example,
Choowong et al. (2004) and Horton et al. (2005). Recently, the
emphasis of research has changed from basic survey to the use of
more advanced techniques to evaluate modem hazards, for
example, landslides, flooding, subsidence, coastal erosion, earth-
quake activity on active faults and the 2004 tsunami.

Quaternary terrestrial deposits and landforms

Northern Thailand

Quaternary deposits in Northern Thailand are mainly confined to
elongate fauli-bounded intermontane basins. The structural axes
of the basins are regionally parallel to the main direction of
faults. The basins themselves vary in size and are controlled by
the underlying geological structure. The Quaternary sediments
deposited in them were transported by the four main rivers: the
Ping, Wang, Yom and the Nan. Each river flows and meanders
within a limited avulsion belt and, through time, avulsion and
down-cutting of the river resulted in the extensive formation of
terraces. Three terrace levels are common and there is local evi-
dence of Quaternary neotectonics affecting the highest terrace,
for example on the Ping River in Tak Province where local uplift
is thought to account for a set of normal faults which cut the
upper surface of the highest terrace (Bhongaraya 1998).

Site selection of one archaeological site within the avulsion
plain of the Yom River in the northern Central Plain in Sukhothai
Province, named Sisatchanalai, is related to a change of the avulsion
course. Radiocarbon dating of sediments infilling palacochannels
shows that the site may have a close relationship with changes of
a meandering channel which took place, probably in the late-
Holocene. The composition of bed material of the palacochannels
and of the modern Yom River at Sisatchanalai also confirms that
the palacochannels represent earlier courses of the Yom (Bishop
& Godley 1994). The most recent palacochannel of the Yom was
abandoned about 1800 years ago when the modern course was
established, probably by avulsion during a period of increased
runoff and flood activity. The very tight bend of the Yom River
at Phra Prang temple, part of Sisatchanalai archaeological site,
probably dates from the last 2000 years. The earliest signs of occu-
pation at this very important site in Thai history are currently set at
about 1250 years (Bishop 1988). This suggests that the change of
the avulsion plain in northern Thailand may be a criterion for site
selection and the re-location of some historic communities.
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Generally the terraces are not well preserved due to the highrate
of weathering in the prevailing tropical climate, although remnants
of terraces may still be distinguished from the floodplain. Com-
monly the terraces are preserved as undulating gravel terrains
with fragments of well-preserved petrified wood in places
(Fig. 12.3). Absolute dating of terrace deposits has not been
carried out but, from stratigraphical considerations, they are
thought to be Pleistocene (Bhongaraya 1998; Sinsakul et al.
2003). At Lampang, K—Ar dating of a basalt flow resting on a

high-level gravel terrace yielded an age of 600 + 200 ka (Sasada
et al. 1987), implying a minimum age of middle Pleistocene for
the gravel bed.

NE Thailand

The Khorat Plateau of NE Thailand occupies about one-third of the
area of the entire country. The Plateau itself is formed of Mesozoic
sandstone of the Khorat Group, but Quaternary deposits are present
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in two basins: the Khorat Basin in the south and the Sakon Nakhon
Basin in the north of the plateaun (Fig. 12.1). Terraces and inferred
aeolian (loess) deposits are the dominant Quaternary deposits in
both basins. In the Sakon Nakhon Basin, the oldest Quaternary
unit is preserved as a relict high-level terrace deposit close to the
Phu Phan mountain range. Three terrace levels are present in the
Sakon Nakhon Basin at 18, 13 and 8 m above the floodplain of
the Mae Kong River (Wongsomsak 1992). In the southern Khorat

Basin, the two main rivers (the Mun and the Chi) have produced
extensive Quaternary fluvial landforms and deposits (Fig. 12.4).
As in the Sakon Nakhon Basin, terrace deposits along the
meander belt of the Mun and the Chi Rivers are characterized by
the localized presence of relict gravel beds.

The terrace gravel beds are largely composed of rounded to
well-rounded quartz and sandstone clasts implying local derivation
from the Mesozoic sandstone basement. The age of the gravel beds
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Table 12.1. Summary of the scope of Quaternary studies (1951-2005)

Quaternary researchers

Geomorphology

Landform
evolution

Sea-level
changes

Quaternary
stratigraphy

Brown et al. (1951)
Alexseev & Takaya (1967)
Hattori (1969, 1972)
Takaya (1968, 1971, 1972)
Takaya & Thiramongkol (1982)
Chonglakmani ez al. (1983)
Supajanya (1981, 1983)
Thiramongkol (1983a-c)
Sinsakul et al. (1985)
Chaimanee (1985)
Dheeradilok (1986, 1995)
Somboon & Thiramongkol
(1992)

Sinsakul (1992)

Roy (1986, 1989, 1990, 1994)
Kengkoom (1992)

Robba et al. (1993)

Intasen et al. (1999)
Choowong (2002a—d)
Umitsu et al. (2002)
Choowong et al. (2004)
Horton et al. (2005)
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is considered to be middle—upper Pleistocene, in the light of the
¢. 0.8 Ma age obtained for these sediments by workers investigating
the tektites they contain (Howard 2011).

Red sandy soil is a localized feature of the Quaternary deposits
of the Khorat Plateau. Its occurrence was considered by, for
example, Bunopas et al. (1999) and Nutalaya et al. (1986) to be
the product of aeolian processes, but that is controversial. An
alternative explanation is that the red sandy soil formed in situ by
weathering of the underlying Khorat Group sandstone in an oxidiz-
ing environment. Further research and discussion are needed to
investigate the likely origin of this red sandy soil.

Upper Central Plain

The Quaternary deposits of the Central Plain of Thailand can be
divided into those of the Upper and the Lower Central Plain
(Takaya 1971; Sinsakul 1992). The Upper Central Plain extends
south to the southern part of Nakhon Sawan Province, below the
point at which the Ping and Nan Rivers join to form the Chao
Phraya River. The elevation there reaches little more than 20 m
above present mean sea level (MSL). Quaternary depositional
environments are dominated by alluvial and fluvial landforms and
the basement is shallow or, in places, forms monadnocks where it
has been uplifted by movements associated with the Mae Ping
Fault belt (Morley et al. 2007).

The main tributary of the Chao Phraya is the Sakaekrung River
which enters from the west. In this area, both the Chao Phraya and
the Sakaekrung exhibit the scars of abandoned meander channels
and oxbow lakes. The evidence suggests three belts of avulsion to
have taken place along the Chao Phraya (Fig. 12.5), probably
from the Early to Mid-Holocene (Tulthaveewat et al. 2008).

Western and eastern parts of the Lower Central Plain

The Lower Central Plain (also termed the Chao Phraya Basin or
the Southern Basin) covers an area of approximately 33 400 km?
and extends 175 km from Chai Nat Province south to the Gulf of
Thailand (Takaya 1972; Thiramongkol 1983a). The Chao Phraya

River flows some 250 km through a flat and featureless plain until
it reaches the Gulf in Samut Prakarn Province. The elevation of
the plain is about 4 m above MSL at Ayutthaya and only about
2 m at Bangkok. The Quaternary landforms over this largely flat
area were formed in terrestrial and transitional environments.
Terrestrial morphology includes piedmont fans, peneplains, ter-
races and active alluvial fans in the marginal zones of the Lower
Central Plain (Fig. 12.6). The northern portion of the plain shows
progradation of former fluvial-dominated deltas with abandoned
channels (Coleman & Wright 1971; Takaya 1972; Thiramongkol
1986; Somboon & Thiramongkol 1992; Umitsu et al. 2002;
Tanabe et al. 2003). Floodplains of the Chao Phraya, Suphanburi,
Lopburi, Pasak, Mae Klong and Bang Pakong Rivers dominate
the central portion of the plain.

Block faulting in the Late Pliocene—Pleistocene formed horsts
and grabens in the basement of the Lower Central Plain causing
local accumulations up to 400 m thick of Quaternary sediments
(Pradidtan & Dook 1992; Japan International Cooperation
Agency 1995). Incised channel deposits have also been recognized
from well log data beneath the Chao Phraya and the Suphanburi
Rivers (Fig. 12.6). )

Quaternary deposits of the Lower Central Plain reflect the inter-
action between terrestrial and transitional environments. Terrestrial
depositional environments of piedmont fans and peneplains, ter-
races, colluvial, alluvial, modern floodplain and in situ saprolite
are mostly observed close to the western and the eastern margins
of the plain (Thiramongkol 1983a). Abundant alluvium was trans-
ported via valleys and small channels from the highland areas west
of Lower Central Plain beyond Kanchanaburi (Choowong 2002b).
The Quaternary terrestrial landforms and deposits of the Lower
Central Plain can be classified as follows.

Piedmont fans and peneplains

Piedmont fans and peneplains occur along the eastern margin of
the Lower Central Plain, including the Si Maha Phot Fan (SMPF
in Fig. 12.6) and the westernmost part in the area of Kanchanaburi.
They are characterized by strongly undulating surfaces with scat-
tered hills and interfluve crests on the topmost parts of the alluvial
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Fig. 12.3. Giant petrified tree
trunk in terrace gravel at Tak. At
72.22 m in length, it is thought to
be the fongest such fossilized tree
trunk in SE Asia.

fans (Thiramongkol 1983a). A honeycomb-textured lateritic gravel
layer with a maximum thickness of 5 m is extensively observed at
Kanchanaburi, which is a common characteristic of the Pleistocene
peneplain deposits in the higher ground of the western Lower
Central Plain (Choowong 2002a, b). Localized granite saprolites
beneath the peneplain are observed in the SE part of the plain.
The piedmont fans and peneplains have not been dated, but
Takaya (1968) has suggested a possible correlation with the thick
Pliocene—Early Pleistocene laterite from the Narmada valley in
Central India.

Terraces

Terraces in the western part of the plain are the traces of meanders
of the Mae Klong and Suphanburi Rivers, while terraces and out-
crops of terrace deposits on the eastern side originated from the
Bang Pakong River (Thiramongkol 1983a). No dating has been

carried out but mammalian fossils (Hippopotamus skull, a
Bubalus horn and an upper molar of a Stegodon) suggest a
middle Pleistocene age (Koeningswald 1959).

Alluvial fans and floodplains

Formerly active alluvial fans as well as currently active fans occur
at both marginal zones of the Lower Central Plain. The two princi-
pal formerly active alluvial fans on the western margin have been
named the Mae Klong Fan and the Don Chedi Fan (Thiramongkol
1983a) (Fig. 12.6). The Mae Klong Fan, east of the city of Kancha-
naburi, is the product of past (and to a lesser extent present) distri-
butaries of the Mae Klong River. It has an elevation of 5-20m
above MSL and displays an undulating surface which dips gently
eastwards and south-eastwards. The Don Chedi Fan, in Suphanburi
Province, is an alluvial fan-terrace complex at an elevation of
15-30 m above MSL. It has an undulating surface through which
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Fig. 12.4. Oblique aerial photograph of the Chi River in NE Thailand, showing abandoned channels and meander scars. Water flows east to join the Mae

Kong. Swales and swells in point-bar deposits can be clearly seen.

later rivers have incised deep valleys. The Don Chedi Fan was prob-
ably formed about the same time as the formation of the middle ter-
races, judging by the degree of weathering of the deposits
(Thiramongkol 1983a). The floodplain deposits of all the main
rivers of the Lower Central Plain are widespread and annual flood-
ing has produced deposits up to 2 m thick.

Quaternary transitional deposits and landforms
of the Upper Gulf of Thailand

The Upper Gulf of Thailand as described here overlaps with the
Lower Central Plain and includes the entire area of the eastern
coast and part of the western coast southwards to Prachuap
Khiri Khan Province (Fig. 12.1). The narrow coastal plain from
Petchaburi Province down to the famous tourist area of Hua Hin dis-
trict consists of a series of beach ridges and swales lying mostly par-
allel to the orientation of the coastline. Further south to Pranburi
district, including Sam Roi Yod National Park, a large swampy
area and a series of beach ridges overlies extensive Holocene brack-
ish and marine deposits. A series of beach ridges is also present in
the semi-enclosed bay at Prachuap Khiri Khan. Transitional
environments, including tidal deltas and tidal flats, are present in
the intertidal zones around the mouths of the Mae Klong, Suphan-
buri, Chao Phraya and Bang Pakong Rivers. Oceanographic data
from coastal regions along the Gulf of Thailand are summarized
in Table 12.2.

Former deltaic plain and brackish deposits in the
axial part of the Lower Coastal Plain

Coleman & Wright (1971) equated the axial part of the Lower
Central Plain with the Lower Chao Phraya Deltaic Plain, also

B . 2 S =

calling it the ‘Subaqueous Deltaic Plain’. The Lower Chao
Phraya Deltaic Plain extends from the present coast as far as
40 km inland where the boundary of former tidal-influenced depo-
sition was limited by the level of the Mid-Holocene highstand. The
Lower Chao Phraya Deltaic Plain is wider than the river-dominated
upper delta plain, and saltwater vegetation such as mangrove and
salt marsh, together with estuarine deposits tended to prevail in
this less river-dominated environment. The morphology and Qua-
ternary depositional environments of the Lower Coastal Plain are
shown in Figure 12.6.

Quaternary brackish-water deposits extend across the head and
south down the coasts of the Gulf of Thailand. Their landforms gen-
erally have elevations no higher than 4 m above MSL. However, in
some places in the east of the plain, elevations of up to 10 m above
MSL are present and are considered to be related to movement of
neotectonic faults (Thiramongkol 1986). The Pleistocene coastal
deposits from the east and the west coasts of the Gulf of Thailand
have been recorded at elevations up to 5 m above MSL (Choowong
2002d; Choowong et al. 2004). Older brackish deposits beneath the
modern active floodplain of the major rivers at the axial part of the
Lower Coastal Plain indicate a history of delta progradation during
the Holocene marine transgression and regression (e.g. Umitsu
et al. 2002; Tanabe et al. 2003).

Active delta and tidal flat deposits at the mouth
of the Chao Phraya River

The Chao Phraya Delta is the largest active tidal delta in Thailand
with an area of ¢. 11300 km” (Japan International Cooperation
Agency 1995); its principal characteristics are listed in
Table 12.3. Although restricted laterally, the delta has prograded
rapidly along the Gulf axis (Wright 1972). In its alluvial valley
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within point bar deposits (from Tulthaveewat et al. 2008).

and the upper delta plain the sediments are fluvial-dominated,
whereas sediments in the lower delta and the subaqueous portions
were deposited in a tide-dominated environment (Choowong
2002¢; Tanabe et al. 2003). The tidal flat deposits contain
organic-rich mud (mixed with fluvial sand lenses) and mud balls
(Somboon 1990).

The Subaqueous Deltaic Plain lies in the intertidal zone and is a
tidal delta, dominated by the mouth of the Chao Phraya River. The
sea is shallow here but becoming deeper as the sediment entering
the Gulif from the river has been decreasing in recent years. As a
result the intertidal zone is rapidly subsiding as compaction of the
deltaic sediments occurs, a phenomenon believed to be exacerbated
by isostatic adjustment, as suggested by Choowong (2002c). This
could potentially lead to an unusual incursion of the sea onto the
land, with consequent erosion of the mangrove belt (see below).

Fig. 12.5. Three meander belts of the Chao Phraya River, showing the avulsion plain that contains meander scars, oxbow lakes and swale and swell patterns

Intertidal mangroves

Mangroves are distributed extensively in the intertidal zone along
the Gulf of Thailand and the Andaman Sea coast. In the Bangkok
Bight, mangrove forests extend inland across the tidal flat and
along the tide-influenced channels and estuaries. Mangrove
forests form extensive tracts in the active deltas of the Bang
Pakong, Petchaburi, Chao Phraya and Mae Kiong Rivers at the
head of the Gulf and along the eastern Gulf coast in Rayong,
Chanthaburi and Trat Provinces. Along the latter tide-dominated
stretches of the eastern Gulf coast, intertidal mangroves occupy
more than 60% of the coastal plain especially in the estuaries of
the Prasae, Chanthaburi and Wen Rivers (Choowong 2002d).
Peat, sand lenses and some organic-rich mud with shell fragments
are common.
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Fig. 12.6. Three-dimensional diagram of the Lower Central Plain showing distribution of landforms and Quaternary deposits (modified from Japan

International Cooperation Agency 1995).

There are five major community types or zones of mangrove
in Thailand (Aksornkaoe 1975; Aksomkaoe & Paphavasit 1993):
(1) Avicennia alba, Sonneratia griffithii and S. alba occur in asso-
ciation with Rhizophora mucronata and R. apiculata along the
seaward fringe; (2) the Avicennia/Rhizophora association is nor-
mally found on more arenaceous soils; (3) Sonneratia/Bruguiera
are recognized in more argillaceous sediments; (5) Bruguiera
parviflora and B. gymorrhiza in association with Xylocarpus
moluccensis, X. obovatus, Intsia bijuga, Excoecaria agallacha,
Lumnitzera racemosa and L. coccinea with Ceriops roxhurghian
and C. tagel are found in more inland areas; and (5) Rhizophora
forest typically extends inland along riverbanks in association
with Nypa fruticans.

Holocene marine and brackish-water deposits

Marine and brackish-water deposits formed during the Holocene
transgression and regression where the Chao Phraya River with
its sediment load interacted with seawater, causing deceleration
of the river’s flow and rapid build-up of a delta (Umitsu et al.
2002; Tanabe et al. 2003).

In the Lower Central Plain the beds are green to greenish-grey,
soft, silty clay intercalated with a few layers of fine- to very fine-
grained sand; it has been called the Bangkok Clay (Thiramongkol
1983a). The thickness of these intertidal sediments varies from
2 m at the northern margin of the Lower Central Plain to 15~
20 m in the southern part and in the upper Gulf of Thailand.

Holocene estuarine sediments are well preserved, and extend
up to 3 km inland in Petchaburi Province where mangrove-lined
channels have been confirmed by their characteristic brackish and
marine fauna (Di Geronimo et al. 2002, 2005; Melis & Violanti
2006). In Chanthaburi Province on the east of the Gulf of Thailand,
Holocene brackish and marine deposits have been identified as far
as 15 km inland with thicknesses of 1525 m. Organic matter in a
series of three prograded beach ridges in the Prasae and Chantha-
buri River estuaries have been dated using '*C techniques and indi-
cate that a gradual progradation occurred ¢. 4-2 ka (Choowong
20024).

Another series of beach ridges with swales and former tidal flats
in the Sam Roi Yod National Park in Prachuab Khiri Khan Province
provide evidence of the change in sea level after the Mid-Holocene
highstand (Choowong et al. 2004). Like other series of prograded
beach ridges in the upper Gulf of Thailand, **C dating of organic
matter shows that progradation started at ¢. 4 ka. Brackish and
marine faunas preserved in the former tidal flat of Sam Roi Yod
also confirmed a period of progradation after the Mid-Holocene
highstand (Surakiatchai 2006).

Pleistocene relict marine landforms and deposits

Pleistocene deposits in the Lower Central Plain are mainly alluvium
and fluviatile sediments and have been recognized mostly in the
subsurface, below the Bangkok Clay. Borehole data suggest there
are incised-channel sediments under the Bangkok Clay down to

Table 12.2. Comparison of oceanographic data in regions of the Gulf of Thailand

Coastal regions of the Guif of Thailand

Oceanographic factors Southern and Western Eastern Northern

Tidal ranges* (m) 0.5 (0.8/1.3) 20(0.2/2.2) 3.6 (0.2/3.8)

(min/max) Microtidal Mesotidal

Substrate gradient** 1:400 1:900 1:10 000
Gradient decreases —

Catchment basins**** (km?) 36 926 26 353 88 900

*Tidal ranges averaged from tide data of The Royal Thai Navy from 2002 to 2006 and compiled from Siripong (1989).
**Subsirate gradient calculated from bathymetry on 1:50 000 topographical map of The Royal Thai Survey Department.
*x*Catchment basins are the sum of sub-basins published in Roy (1994).
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Table 12.3. Components of the Chao Phraya Delta (Japan International Cooperation Agency 1995)

Active Chao Phraya Delta components

Physical characteristics Aluvial valley Upper Delta Plain Lower Delta Plain Subaqueous Delta Plain
Elevation (m above MSL) >20 20-5 5-0 0

Slope c. 1:5 c. 1:10 c. <1:10 ¢. <1:10

Morphology Highland Abandoned channels Inactive Young delta Tidal flat Mangrove  Tidal delta

alluvial fans Former delta

Note: The active Chao Phraya Delta includes lower and subaqueous deltaic plains.

¢. 400 m depth (Fig. 12.6). The top of the Pleistocene sequence is
characterized by a highly oxidized stiff clay.

Laterite and lateritic soil with iron and manganese concretions
are common, with intercalations of gravel, sand, silt and clay; they
indicate that this fluviatile environment was probably exposed
before 21 ka, while the sea level was 25 m lower than the present
MSL (Hanebuth et al. 2000; Sathiamurthy & Voris 2006). The

_whole of the Gulf of Thailand as far as the South China Sea was
probably a land area, which Tjia (1987) referred to as Sundaland.

"Palaeo-sand spits and relict strandlines crop out as far as 15 km
inland along Highway 3 in Chanthaburi Province (Fig. 12.7a, b).
These former landforms and deposits are thought to have formed
during the rapid marine transgression in the late Pleistocene to
early Holocene (Choowong 2002d), although no absolute dating
has been carried out on these relict landforms.

Brackish and marine deposits and landforms of the
Lower Gulf of Thailand and the Andaman Sea coast

The coast of the Lower Gulf of Thailand is wave-dominated and a
series of beach ridges and swales are present as far as the southern-
most part of Peninsular Thailand (Fig. 12.8). The most conspicuous
modern landforms are the Talumpuk and Pattani sand spits
(Fig. 12.8). On the Andaman Sea coast, Holocene beach ridges are
present in several small bays on the mainland and on isolated islands.

Pleistocene deposits

As mentioned earlier, Pleistocene deposits in Thailand are only
rarely exposed. Most of them are recognized by their terrestrial
and coastal landforms. On the Andaman Sea coast, colluvial stiff
clay containing peat and wood fragments has been reported at
Phuketand Phangnga. '*C dating has revealed the age of the former to
be 31050 + 280 years (Kruse 1983) and on Phangnga to be
30 430 + 1600 years (Sinsakul er al. 1985). The presence of such
Pleistocene stiff clay on the Andaman Sea coast is widespread and
it is commonly overlain by Holocene deposits (Sinsakul et al.
1985). It is likely that this depositional pattern on the Andaman Sea
coast correlates with a similar pattern recognized from the Quaternary
sequences of the Gulf of Thailand, and may be caused by a similar
history of sea-level changes. A few relict strandplains inferred to
have formed during the Late Pleistocene to Early Holocene have
been reported on the Surat Thani coastal plain (Roy 1994) and on
Phra Thong Island in Phangnga Province (Choowong et al. 2008a).

Fig. 12.7. Aerial photographs showing former landforms along Highway Holocene deposits

3, Chanthaburi Province, possibly developed during the early Pleistocene , . . R
to early Holocene marine transgression: (a) palaeo-sand spit 15 km inland Holocene deposits and their landforms are widespread in the coastal
from the present shoreline and (b) relict strandlines (courtesy of the Royal lowland areas along the Gulf of Thailand coast as far as the

Thai Survey Department). Thailand—Malaysian border, as well as on the Andaman Sea
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Nakhon Si Thammarat
Talumpuk Spit

coast. They show a mainly marine influence and comprise a series of
beach ridges, swales and tidal lagoons. Beach ridges occur both
alongshore and in pocket bays (e.g. Chumphon Bay, Fig. 12.1).
The largest accumulation of Holocene deltaic sediments is in Ban
Don Bay where rivers draining Surat Thani Province enter the
Gulf of Thailand. Further south, the modern Talumpuk and Pattani
sand spits curve slightly landward at their northern and western
ends, and reflect the modern active north-westerly longshore drift.
The Thale Luang and the Great Songkhla Lake on the Lower
Gulf of Thailand coast near Songkhla are brackish-water lagoons
and the largest coastal lagoons in Thailand. Only a small inlet/outlet
at their southern end connects them to the Gulf of Thailand. The
lagoons are interconnected, elongate and parallel to the series of
Holocene beach ridges and barriers which separate them from the
Gulf of Thailand (Chaimanee et al. 1985). Horton et al. (2005)
reported that the sedimentary sequences at the bottom of the Great
Songkhla Lake are richly organic and contain palynomorph assem-
blages dominated by mangroves and freshwater swamp deposits.
Geochronological data from the bed of the lake indicate one of the
earliest mangrove environments at 8420-8190 years, which was sub-
sequently replaced by a freshwater swamp environment at 7830
7680 years as the marine influence declined (Horton et al. 2005).

Aeolian sand dune deposits

Wind-blown sand dunes deposited on top of a beach-ridge plain
are present over a wide area in the Bang Berd coastal area of

Tidal flat & mangrove

E Barrier & beach ridges

’ Undifferentiated Quaternary
= Ridge lines

Highlands, headlands and islands

Fig. 12.8. Regional
geomorphological map showing
Quaternary deposits along the
coastal zone of the west side of the
Lower Gulf of Thailand.

Chumphon Province, a unique aeolian landform on this coast
(Fig. 12.9). At 2 maximum elevation of 20 m above the present
MSL, these deposits may represent repeated storm events. The geo-
graphical location of these wind-blown sand dunes is on the
pathway of typhoons which, although infrequent, normally strike
the Gulf of Thailand from the NW. Preliminary results of thermo-
Iuminescence (TL) and optically stimulated luminescence (OSL)
datings of the sand dunes show they formed from c. 3000 years
ago. The uppermost part of the sand dunes was deposited about
100 years ago (Prachantasen er al. 2008).

Correlation of Quaternary deposits and environments
of Thailand

The Quaternary in Thailand has traditionally been considered as
the interval of global oscillating climate (glacial and interglacial
episodes) that were extensively inferred based on terrestrial and
marine stratigraphic correlation (Table 12.4). The Pleistocene—
Holocene and Pliocene—Pleistocene boundaries were thought to
correspond to a climatic event leading to the eustatic change in
sea level around 10 ka and 1.8 Ma, respectively. These boundaries
were considered likely to be standardized as was originally pro-
posed at the 8th INQUA Congress in Paris in 1969. However,
the age boundaries in Thailand will need to be revised to 11.5 ka
for the Pleistocene—Holocene boundary and 2.7 Ma for the
Pliocene—Pleistocene boundary following the later proposals of
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Fig. 12.9. Sand dune overlying Holocene beach deposit at the northern part of Bang Berd, Chumphon Province. Dunes here are c. 4-5 m above MSL and are
mainly composed of very fine-grained sand which is bioturbated but otherwise structureless.

Table 12.4. Correlation of Quaternary deposits and environments of Thailand (modified in part from Dheeradilok 1995 and Dheeradilok &
Kaewyana 1986)

Northeastern Thailand Central Thailand
Khorat Lowland Upper Central | Lower Central Southern
Period Northern Thailand Plateau area Plain Plain Peninsula
Holocene Avulsion belts Alluvial plain Avulsion belts Avulsion belt | Floodplain Floodplain
Floodplain Wind blown Floodplain Floodplain Brackish Beach ridge
Alluvial plain sand (loess) Natural levee intertidal Lacustrine
deposit Sand dune
Active delta Active delta
Non-organic sand Low terrace Marine and Marine and
delta delta
Pleistocene | Upper Fluviatile Fluvial organic | Fluvial organic Alluvial fan Estuarine Marine
Laterite sand sand Low to middle | Former delta Fluviatile
Low terrace terrace Lacustrine
| Latest basaltic flow Young gravel Lower non-organic
bed with tektites | sand
Middle | Laterite Older gravel Alluvium Fluviatile Fluviatile Pediment
Middle terrace bed with Peneplain Terrace
petrified woods Terrace
' Lower High terrace (gravel Fluviatile Fluviatile Laterite
bed with petrified
wood)
Basaltic flow Basalt Saline soil Fluviatile
Pliocene Claystone Weathered Weathered Weathered rock basements Weathered
Siltstone Khorat Mahasarakham (Granite/limestone) older rocks
Semiconsolidated Group Formation

sandstone
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the International Commission of Stratigraphy (ICS) (Gibbard &
Cohen 2008; Ogg & Pillans 2008).

Quaternary economic considerations

Mineral deposits

Quaternary deposits are utilized in several industries, either the
deposit itself or the economic minerals they contain. Holocene
fluvial sand is excavated extensively from abandoned river chan-
nels all around the country. Gemstone-quality sapphires have
been found in Pleistocene gravel beds and in in situ basaltic soils
in the western part of the Lower Central Plain at Kanchanaburi
{Choowong 2002b) and in basalt-derived soils in Chanthaburi
Province in SE Thailand (Vichit 1987). The Cenozoic corundum-
bearing basalt in Chanthaburi Province is exposed c. 10 km
inland and at 129 m above the present MSL, but basalt flows
extend southwards into the coastal area where they are intercalated
with brackish and marine mud deposits. K—Ar dating of the
basalt, and hence the associated sediments, suggests an age of
0.44 + 0.11 Ma (Chaodumrong et al. 1983).

Silica beach sands are an important resource for the glass indus-
try, especially the deposits on the eastern and southern coasts of the
Gulf of Thailand. Tin and its associated minerals, which over
the past four decades were significant economic minerals in the
country, were mined from Quaternary placer deposits along
the beach areas and offshore in the Gulf of Thailand and the
Andaman Sea. Other heavy minerals, also derived mainly from
granite, are also found in Holocene beach and offshore sands
(Roy 1989, 1990, 1991).

Quaternary changes and hazards
Sea-level changes

The first sea-level curve for Thailand was proposed by Sinsakul
et al. (1985) and integrated into a Holocene history of sea-level
changes for the wider Thai—Malay Peninsula (Tjia 1987)
(Fig. 12.10). The latter shows two Holocene highstands at ¢. 5000

Elevation above MSL (m)
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Thousands of years before present

i e e o Thailand

0 o -

and 2800 '*C years BP. However, the sea-level reconstruction for
Thailand indicated three probable rebound phases during the
Mid- to Late Holocene with highstands at 6000, 4000 and
2700 years BP (Sinsakul et al. 1985; Tjia 1987). Choowong
(2002a) has sought to explain this inconsistency by pointing out
that, in addition to regional eustatic sea-level changes, there were
local isostatic changes which contribute to the overall history of
sea-level variation. Geophysical modelling by Horton et al
(2005) also suggested that hydro-isostasy can account for some of
the spatial variations in sea level across the Thai—Malay Peninsula.
It is therefore not possible to construct a single, spatially invariable,
sea-level history for the region.

A revised sea-level envelope for the Guif of Thailand was pro-
posed by Choowong e al. (2004) (Fig. 12.10) which corresponded
well with the sea-level curves subsequently constructed by Horton
et al. (2005) for the Thai—Malay Peninsula. The curves show
an upward trend of rising Holocene sea level to a Mid-Holocene
highstand, and then a gradual fall of sea level to the present. The
average rate of sea-level rise from the Thai—Malay Peninsula was
¢. 5.5 mm per year, whereas the sea-level fall from the highstand
was at about 1.1 mm per year, with no evidence of a second high-
stand (Horton ez al. 2005).

Landslides and flooding

Landslides, debris flows or debris floods are now one of the coun-
try’s most severe hazards. Landslides commonly occur where soil
saturation limit or the surface runoff limit is exceeded, leading to
rapid mass movement downslope and downstream. Landslides in
Thailand are generally related to highly weathered rock basement,
which might be granite or sedimentary rocks. One example was the
damaging 2001 debris flow which occurred on the Nam Ko alluvial
fan, located on the western margin of the Petchabun Basin in the
upper part of the Upper Central Plain (Yumuang 2006). It was
not the result of unusually high rainfall alone, but was caused by
a combination of factors including slope gradient, the type of
rock basement, volume of channel-bed sediments and modifications
to the land which had taken place upstream. Such a combination of

Present tidal range

Peninsular Malaysia

(Tiia 1987)
Malacca Strait
(Geyh et al.1979)
Fig. 12,10, Sea-level curves from
Thailand Thailand and neighbouring

(Sinsakul et al. 1985) countries. They show rapid
transgression from the early
Pleistocene to the mid-Holocene
highstand, at about 3 to 4 m above
present MSL. Fluctuations were
reported locally from Thailand
(Sinsakul er al. 1985) and
Peninsular Malaysia (Tjia 1987)
during sea-level regression after
the mid-Holocene highstand.

Singapore
(Hesp et al. 1998)
(Choowong et al. 2004)

Gulf of Thailand
{Horton et al. 2005)
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high rainfall and other factors can be expe~ted to trigger disasters
elsewhere in Thailand in the future.

Thailand has been affected by yearly flooding throughout his-
torical times. Whereas that has been normal on the Central Plain,
it is increasingly occurring in places formerly immune from flood-
ing, for example, in the downtown parts of Chiang Mai city in the
north of the country. The severity of the flooding depends on the
extent of modifications carried out on the land. Flooding seems to
be most severe wherever inappropriate protective walls have been
constructed on the banks of main rivers. The nature of runoff in
individual subcatchments and how it has changed over time
through land modifications are matters which require better under-
standing if future flooding is to be minimized.

Land subsidence

Subsidence of coastal areas is thought to have been occurring
since the late Holocene (Choowong 2002¢). According to the Holo-
cene record of sea-level change from the upper Gulf of Thailand,
hydro-isostatic and sedimento-isostatic subsidence may have
occurred since rapid transgression started in the Late Pleistocene,
resulting in a vast incursion of the sea onto the land as far as
70 km inland in the Lower Central Plain. The body of seawater
may have reduced the volume of terrestrial sediment reaching the
present coastline. As the column of seawater increased, the allu-
vium substrate became compressed and its surface subsided.
During the subsequent gradual marine regression, terrestrial sedi-
ments were again supplied to the present coastline and further
sediment-isostatic subsidence would have occurred. In past centu-
ries equilibrium would have existed between sedimentation and
subsidence. However, a rapid decrease of sediment supply to the
coast has taken place in the last few decades after several large
dams have been constructed in the catchment area of the Lower
Central Plain, and equilibrium of sediment gain and loss at the
coast has been affected (see further discussion below).

Land subsidence in the Lower Central Plain through ground-
water extraction has become a problem in modern times (Nutalaya
& Rau 1981; Nutalaya et al. 1984, 1996). This recent over-
exploitation of groundwater depletes the aquifers beneath the
urban and industrial areas of Bangkok and its vicinity, and causes
non-seasonal flooding and damage to infrastructure (Phien-wej
et al. 2006). The land surface may be flooded by the sea where sub-
sidence has caused the land to be lower than the level of high tide
(Choowong 2002¢). This may lead to misinterpretation of the pro-
cesses that actually caused the inland incursion of the sea, since it is
important to distinguish land subsidence from a rise in sea level.

Coastal erosion

Changes in the position of Thailand’s coastline have been studied
by Vongvisessomjai (1988), Nutalaya (1996) and Sinsakul et al.
(2003) and in places those changes have been thought to be the
result of erosion. Monitoring changes in shoreline has been based
on studies of topographical or hydrographical maps of different
dates, aerial photographs and Landsat Thematic Mapper (TM)
1-5 images. Vongvisessomjai (1988) reported that substantial
erosion has occurred at the mouth of the Bang Nara River on the
southern Peninsula and at the mouth of the Chao Phraya River,
and is thought to have been caused by present rising sea level (Sab-
hasri & Suwarmnarat 1996; Sinsakul et al. 2003). However, tidal
records from Thailand’s reference datum points on Kho Lak in Pra-
chuab Khiri Khan Province and at Sattahip in Chonburi Province
during the periods 1942-1949 and 1973-1987, respectively,
appear to show that the mean sea level in the Gulf of Thailand
did not change during those periods (Neelasri et al. 1988). It is

suggested that any loss of coastline through a recent rise in sea
level is slight at most, and is more likely to have been caused
by some natural localized isostatic adjustments (Choowong
2002c) or inappropriate shoreline protection structures (Nutalaya
1996). The balance in sediment budget gains and losses at the
coast is also a factor that cannot be ruled out. Recently, more
detailed studies of changes in the modem shoreline have been
carried out.

An assessment of the yearly cycle of sedimentation/erosion
balance was carried out by Songmuang (2004) in two places
where Sinsakul et al. (2003) had considered erosion to be occurring
at a moderate rate (1-5 m per year): at Pranburi and at Prachuab
Khiri Khan Bay, both on the Gulf coast of the Peninsula. The pos-
ition of the shoreline was measured from a series of aerial photo-
graphs taken between 1967 and 2004 and was corrected to show
the shoreline at mean sea level. Shore profiles were then measured
continuously over the two-year period 2003-2004. The results
suggested that the shoreline in those two localities showed no sig-
nificant gain or loss, although slight seasonal changes in the
coastal profile were noted. Further careful monitoring of coastal
changes through time is essential, and it would appear that previous
estimates of Thailand’s coastal erosion are likely to need revision.

Since the Mid-Holocene, land progradation seawards has stea-
dily taken place although, as already mentioned, the net volume
of sediment supply to the coast via the main river channels has
decreased rapidly within the last few decades (mainly through the
construction of dams). Additionally, construction of road and
railway embankments parallel to the coastlines also slows surface
runoff and prevents sediments from reaching the sea (Nutalaya
1996). Further research into the effect of these and associated sea
walls is needed before a clear picture of sediment dynamics, tidal
circulation and changes to coastal morphology since the Mid-
Holocene is possible.

Earthquakes and tsunamis

Important studies of modern earthquakes and active faults are being
carried out to provide a better understanding of ways to mitigate
seismic hazards. Since the 26th December 2004 Sumatra earth-
quake and its catastrophic tsunami, a search for palaeotsunami
events in the geological record has also begun. A number of
studies of the 2004 tsunami deposits and post-tsunami beach
surveys in Thailand have been published (Choowong et al. 2007,
2008a, b, 2009; Hawkes et al. 2007; Hori et al. 2007; Umitsu
et al. 2007) and they have provided a key analogue for searching
for pre-2004 tsunami deposits. To date, one such pre 2004-
tsunami deposit has been reported (Jankaew et al. 2007, 2008)
whose age from radiocarbon dating was ¢. 3000 to 600 years
before the 2004 tsunami event. Further studies into pre-2004
tsunami deposits could assist in identifying other earthquake sites
which could in future trigger major tsunamis, and thus enable miti-
gating steps to be taken.

This work was sponsored by the Thailand Research Fund and the Commis-
sion of Higher Education (RMU 5380020), Ratchadapisek, Somphot Foun-
dation, the Faculty of Science, Chulalongkomn University and the Thai
Government Stimulus Package 2 (TKK 2555: PERFECTA).
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