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Abstract

Project Code : MRG5180188

Project Title : Post 2004 tsunami beach recovery and paleotsunami investigation along the
Andaman coast of Thailand

Investigator : Associate Professor Dr. Montri Choowong and Associate Professor Dr. Punya
Charusiri, Department of Geology, Faculty of Science, Chulalongkorn University

E-mail Address : monkeng@hotmail.com; cpunya@chula.ac.th

Project Period : 2 years (May 2008- May 2010)

The 2004 Indian Ocean tsunami demonstrated that catastrophic tsunamis cannot be
predicted by historical records alone. The 2004 and the pre 2004 deposits left behind by tsunamis
provide opportunities to assess tsunami hazards more fully. Such the pre-2004 tsunami deposits
help assess location where the past tsunami affected, water depth and tsunami flow behavior,
estimate source locations, and aid in the better understanding on tsunami behaviors. Dated
deposits allow us to estimate times and recurrence intervals of the past tsunamis.

Tsunamis have the potential to affect a wide variety of coastal systems. While tsunamis are
termed ‘destructive wave’, are always important in shaping sedimentary systems and the
stratigraphic record. A preliminary investigation on the pre-2004 tsunami deposits by Chulalongkorn
Geology Research Team during 2005-2007 from Phang-nga provides the opportunity to compare
2004 Indian Ocean tsunami-related coastal sedimentation. Information on the recurrence of
tsunamis is important to better understanding how tsunamis influence coastal systems therefore
this project addresses the question of the repeat frequency of these destructive events.

This project is firstly aimed to evaluate rate of eroded beach recovery. Remote sensing
data and field survey were mainly used in this research. Twelve periods from 2002 to 2006 of a
diverse array of satellite images were used to calculate beach area and shoreline change. Field
survey was carried out every 3 months for beach profiling and sediment sampling in four periods
since January to November 2006. Beach profiles showed the balance of deposition and erosion
through time to which the change depends largely on season changes. Grain size of recovered
beach sediments at Ban Bang Niang was coarse to very coarse sand and finer to the north as fine
to medium sand at Blue Village Pakarang Resort. Beach sediments were composed of quartz
(60%), bio clasts (35%), and others (5%). Shoreline and beach areas in the research areas were
almost recovered after one year whereas inlet/outlet channels (except Ban Bang Niang) were not
recovered. In general, eroded areas by 2004 tsunami were approximately 90 percent recovered

until November 2006.



The second aim of the project focused on studying the deposits of the most recent (2004)
tsunami, developing recognition criteria for tsunami deposits, applying these criteria to identify
paleotsunami deposits along the Andaman coast of Thailand and dating of these paleotsunami
deposits. Such information provides more reliable geological data and guides mitigation efforts and
may reduce losses from future tsunamis. Coupled with contemporaneous seismogenic features,
tsunami deposits can also help to assess seismic hazards.

A sand layer from a predecessor to the 2004 Indian Ocean tsunami underlies a freshwater
marsh on Phra Thong Island, Phang Nga Province, Thailand. At this marsh, about 300 meters from
the sea, the 2004 tsunami left sand layer about 15 cm thick on top of a peaty soil. The previous
tsunami deposit, of similar thickness, rests on another peaty soil about 40 cm below present
ground surface. Observed in trenches and cores, the pre-2004 deposit begins with a razor-sharp
contact with the underlying soil. Radiocarbon dating shows the uppermost layer of the pre-2004
tsunami deposit occurred around 600 years ago. This result guides us to further our geological
investigation Thailand historical record since Sukhothai, Ayutthaya and probably Ratanokosin

periods.

Keywords : Beach recovery, 2004 Indian Ocean tsunami, Khao Lak, paleotsunami
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1 2 3 4 A 6 7 8 9 10 11
D w DxW | D-M |[(D-M(D-M|(D-M|WD - M?|WD - M| WD - M)

Class interval Midpoint | Weight | Product | Midpoint

(mm) (mm) () deviation

1-2 1.5
0.5-1 0.75
0.25-0.5 0.375
0.125-0.25 0.1875

0.0625-0.125 0.938

pan 0.031°

Notation used
Moment Stand;rd in grain-size Calculation Answer Statistic
notation : .
calculation

Eqn 1 m Zaxin 2D x WYLW = / = mean (M)
Egn 2 my 2lx = Un - 1) ZW(D — MYIZW = / = variance
Eqn 3 Vm, = Vv = ______ standard deviation
Eqn 4 s Y =Mn-1) YWD - MPIZW = ! =
Eqn § myfm’§ = ! = skewness
Eqn 6 me S = B)%n-1) YWD - mYEw = ! =
Eqn 7 mym3 = ! = kurtosis
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*Horizontal = ‘JZEJZ‘Y]’]G%’]T’]Q@]E]’NE]Gﬁd@]’]LL%%GiZ@U%’]ﬂJ%LOoaEl’g‘;(dij@
(distance from Reference point to Mean High Tide Level)

. o o & {
**Vertical = ﬂ’]’]&lfﬁd‘ﬂﬂdﬁ%ﬂiﬁﬂ%@d%']@’ﬂ']ﬂiﬁ:(ﬂﬂ%’]"lluLﬂaFJ@EGQ@I

(elevation of Beach ridge above Mean High Tide Level)
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Period SF
Area
Horizontal* (m) Vertical** (m)
January 43 1.675
June 40 2.075
August 37 2.075
November 33 1.825
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*Horizontal = 3:&]5?]’10%’]7’]@@8’]08\150@]’1LL%%GSZ@U%W%%L%ﬁUQGQ@
(distance from Reference point to Mean High Tide Level)
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**Vertical = mmgwaaaumﬁumaam@mmmummumaﬂgaqm

(elevation of Beach ridge above Mean High Tide Level)
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Period KK
Area
Horizontal* (m) Vertical** (m)
January 140 2.075
May 139 2.155
August 138 2.375
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(elevation of Beach ridge above Mean High Tide Level)
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Period BN
Area
Horizontal* (m) Vertical** (m)
February 192 0.715
May 201 1.145
August 180 0.205
November 174 0.905

. v a o , o o & {
*Horizontal = T2HENNHIINIASWBIDIAIUMLTZALINTUIAREFIFR
(distance from Reference point to Mean High Tide Level)

. o o ¥ X '
**Vertical = mmgwaoaumwwaammwmmummumﬁﬂg;mq@

(elevation of Beach ridge above Mean High Tide Level)
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*Horizontal = distance from Reference point to Mean High Tide Level

**Vertical = elevation of Beach ridge above Mean High Tide Level
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(Result of post-tsunami sediment analysis)
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Period Size (mm) Size comparable
January 0.258 fine sand
May 0.246 decrease
August 0.403 increase
November 0.333 decrease
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Month Quartz % Bio clast %
January 58.13 34.38
May 65.20 29.00
August 55.17 42.00
November 54.86 36.43
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Period Size (mm) Size comparable
January 0.403 medium sand
June no data no data
August 0.549 increase
November 0.384 decrease
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dmilsznavvainzna (Composition of beach sediment)
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Month Quartz % Bioclast %
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Flow conditions of the 2004 Indian Ocean tsunami in Thailand,
inferred from capping bedforms and sedimentary structures
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ABSTRACT

The 2004 Indian Ocean tsunami deposited a sheet of sand with
surficial bedforms at the Andaman coast of Thailand. Here we
show the recognition of bedforms and the key internal
sedimentary structures as criteria of the tsunami supercritical
flow condition. The presence of well-preserved capping bed-
forms implied a dominant tsunami inflow. Sets of internal
sedimentary structures including parallel lamination, seaward
and landward inclined-laminations, and downstream dipping
laminae indicated antidune structures that were generated by a
supercritical flow current in a depositional stage during the

inflow. A set of seaward dipping cross-laminations containing
sand with mud drape on the surface of one depositional layer
are a unique indication of an outflow structure. A majority of
deposits show normal grading, but in some areas, localized
reverse grading was also observed. The recognition of these
capping bedforms and determination of the internal sedimen-
tary structures provides new key criteria to help derive a better
understanding of tsunami flow conditions.

Terra Nova, 20, 141-149, 2008

Introduction

Sedimentary structures have been
fairly well documented in the exten-
sive tsunami studies undertaken over
the past few decades (e.g. Atwater,
1987, 1992; Bourgeois et al., 1988;
Dawson et al., 1988; Long et al.,
1989; Atwater and Yamaguchi, 1991;
Minoura and Nakaya, 1991; Atwater
and Moore, 1992; Bryant et al., 1992;
Atwater et al., 1995; Hindson et al.,
1996; Bondevik et al., 1997; Clague
et al., 2000; Goff et al., 2000; Moore,
2000; Bryant, 2001). Sedimentary
structures clearly reflect the different
conditions within the tsunami flow
and have the potential to record the
flow parameters of the waves that
created them. This article summarizes
our work in tsunami sedimentology,
where we aimed to analyse the pattern
of flows from the places where cap-
ping bedforms and internal sedimen-
tary structures were well-preserved
along the Andaman coast of Thai-
land.

Correspondence: ~ Montri  Choowong,
Department of Geology, Faculty of
Science, Chulalongkorn University,
Phrayathai, Bangkok 10330, Thailand.

Tel.: 66 2 218 5445; fax: 66 2 218 5464,
e-mail: monkeng@hotmail.com
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The occurrence of 2004 tsunami
deposits has been most commonly
reported from the beach zones in
India (Chadha et al., 2005; Nagendra
et al., 2005; Singarasubramanian
et al., 2006; Bahlburg and Weiss,
2007), Sri Lanka (Goff et al., 2006),
Malaysia (Hawkes et al., 2007) and
Thailand (Szczucinski et al., 2005,
2006; Choowong et al., 2007a; Haw-
kes et al., 2007; Hori et al., 2007,
Umitsu et al., 2007), in swale between
beach ridges (Jankaew et al., 2007),
and on top of mangrove mud (Rhodes
et al., 2007). The completion of depo-
sition that is capable of indicating
the flow conditions also depends on
the topographical configuration of the
former surface below the 2004 depos-
its. The observation of tsunami depos-
its immediately after the event
provided us an opportunity to under-
stand better the flow conditions, espe-
cially from capping bedforms. We also
established a typical stratigraphy of
the 2004 tsunami deposited within
different depositional environments
such as flat beach plains and in
irregular topographies like wet swale
in between beach ridges.

Objectives and methods

While making a regional field survey
of the 2004 Indian Ocean tsunami

damages, capping bedforms were doc-
umented and trenches were dug to
describe internal sedimentary struc-
tures. Flow depths were measured
together with tsunami inundation.
Run-up varied from place to place,
and reached a maximum level of
about 15 m above the ground surface
(Fig. 1).

The stratigraphy of tsunami depos-
its was examined in several places (see
location of investigated sites in
Fig. 1), including not only where the
coastal topography is very flat area
(i.e. Bangtao, Phuket and Lamson,
Ranong), but also at (a) the sites
where the narrow beach plain is dom-
inant and inundation was limited by
inland hills (Khao Lak) and (b) in dry-
and wet-swales between beach ridges
(Phrathong Island).

Basically, systematic transect lines
with a 10-m interval between pits were
made. Long trenches were dug, and
after cleaning pit walls, layer to layer
samples were collected in small plastic
tubes for grain size measurement by a
settling tube. Statistical calculations
based on moment method were made
using the software drop.exe developed
by Kumon and Makino (2000). Bulk
samples from each unit were also
collected for sieve analysis.

To understand the detailed sedi-
mentary structures and the distribu-
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tion of individual units of sand sheets,
X-ray radiographs were examined.
For sample collection, the box sam-
pling method (e.g. Suzuki, 1984;
Nanayama and Shigeno, 2006) and
peel techniques were specially applied
in selected places, such as at Lamson,
Ranong, where the internal sedimen-
tary structures were clearly observed.
Sand samples for X-ray were put into
plastic boxes (2 cm thick, 25 cm long
and 10 cm wide). At Lamson, a long
pit was dug, and four continuous box
samples (total of 1 m long) were
collected for X-ray analysis to test
the lateral extension of sedimentary
structures. Undisturbed box samples
were scanned and filmed using differ-
ent frequencies of X-ray irradiation.
Several radiographic parameters were
investigated and the most appropriate
settings to detect internal sedimentary
structure were found to be 68 kV,
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5.0 mA, 200 mA and 0.025 s with a
100 cm instrument height from box
sample.

Results

Inundation and general distribution of
tsunami deposits

The 2004 tsunami inundated to a
considerably variable range of dis-
tances from the coastline (Fig. 2).
The maximum distance of tsunami
flooded was as far as 3 km inland
along much of the low-lying coastal
plains of Pakarang Cape, Phang-nga,
where the water continued to flow
landward until ultimately stopped by
inland hills. Significant inland inun-
dation distances also occurred in areas
where mangrove-lined tidal channels
are located behind a series of beach
ridges (e.g. Lamson). The 2004

tsunami sand sheet extended up to
1 km inland, almost at the end of the
inundation limit in some places.

Capping bedforms

A few days after the event, various
dimensions of capping landward-ori-
ented dunes and ripple bedforms
clearly indicated different inflow cur-
rent velocities. A transition of dunes
and ripples occurred within a limited
distance (about 200 m from the coast-
line), for example at Bangtao, Phuket
(Fig. 3A.B). Some small landward-
oriented and seaward-oriented ripples
were superimposed on the surfaces of
landward-oriented  bedforms. At
Khao Lak, Phang-nga and Lamson,
Ranong, capping bedforms with the
leeside facing landward are good indi-
cators of tsunami inflow currents
(Fig. 3C-F). Interestingly, different
types of ripples, even in one continu-
ous crest, were recognized, which
indicated a lateral variation within
one flow depth (Fig. 3D). The wave
lengths of bedforms decreased further
inland revealing the decrease in tsu-
nami inflow, followed by ponding and
then slow outflow. The slow outflow
seems to have essentially only influ-
enced the sedimentary structures by
disturbing the surface of landward-
oriented inflow bedforms. Suspended
particles probably settled during the
slow outflow or at the latest stage of
the inflow, whenever the flow velocity
was low enough.

Internal sedimentary structures

Sedimentary structures from the 2004
Indian Ocean tsunami deposits from
the almost flat surface of former soil
at Phuket, Phang-nga and Ranong
include, in general, parallel laminae,
cross-lamination, rip-up mud and
sand clasts. Normal grading is com-
mon but some reverse gradings were
locally recognized. Tsunami deposits
in wet swale at Phrathong Island,
which showed a seaward-oriented
cross lamina set, is our first new
discovery indicating the outflow depo-
sitional characteristics of the 2004
deposit (Fig. 4).

Interestingly, the results of the
X-ray radiographs from the 2004
tsunami deposits at Lamson, Ranong,
revealed sets of internal structures
representing  antidune  structures

© 2008 Blackwell Publishing Ltd
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(Fig. 5A.B). Each set of internal struc-
tures was characterized by an up-
stream dipping laminae, downstream
dipping laminae, a structureless part
of trough fill, and convex-upward
laminae with a trough-shaped base
(Fig. 5C). The occurrence of antidune
structures is the second new discovery
reported here for the 2004 tsunami
deposits that indicates a tsunami
supercritical flow condition.

Typical stratigraphy and sediment
properties of 2004 tsunami deposits

At Lamson, Ranong, one continuous
unit of tsunami deposit showed sev-
eral multiple normal gradings and a
local reverse grading without a sharp
contact among the layers. The mean
grain size ranged from very fine to
medium sand (Fig. 6A). Two distin-

© 2008 Blackwell Publishing Ltd

guishable layers at Grand Diamond
Resort and Spa, Khao Lak, Phang-
nga showed normal grading with
mean grain sizes slightly decreasing
from medium sand to fine sand fining
up (Fig. 6B). At Bangtao, Phuket, the
tsunami deposit contains two typical
units of inflow separated by a visible
sharp contact between the layers. The
mean grain size of the upper unit was
slightly larger than the lower one
indicating different flow energies be-
tween the tsunami wave trains that
stuck at Bangtao (Fig. 6C). In gen-
eral, the mean grain size of tsunami
deposits along the Andaman coast
varied from fine to medium sand.
The deposit tends to decrease in grain
size upwards and landward, and is
poorly sorted with some shell frag-
ments and organic materials. Table 1
summarizes the observed characteris-

tics of the 2004 Indian Ocean tsunami
deposits from the representative sites
at Bangtao, Khao Lak, Phrathong
Island, and Lamson.

Discussion

We define the meaning of unit and
layer used herein this paper. A unit of
tsunami deposit means an accumula-
tion consisting of a single or more
layers. A layer presents a single nor-
mal or reverse grading. Units are
separated by erosional surface with a
sharp contact between layers.

Flow conditions inferred from capping
bedforms

The capping bedforms of the 2004
Indian Ocean tsunami deposits at
Phuket, Phang-nga and Ranong,
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Landward Seaward] Landward

Fig. 3 Capping bedforms showing a landward dune (A) and seaward ripple on dune
(B) from Phuket; straight and slightly sinuous-crested ripples on one continuous crest

from Lamson, Ranong (C and D) and at Khao Lak, Phang-nga (E and F).
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Fig. 4 Set of seaward cross-laminations with mud drapes indicating tsunami outflow

from Phrathong Island, Phang-nga.
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revealed a broadly similar pattern of
tsunami inflow conditions. At Bang-
tao, Phuket, eyewitnesses and photo-
graph records suggest that at least
three tsunami inflows hit the area,
followed by ponding water and a slow
outflow, in agreement with the sedi-
mentological study of Choowong
et al. (2007b). Thin layers of silt and
mud can be found on the top of
normally graded tsunami sand units,
but were uncommon within the 2004
tsunami sand sheet in the flat areas we
observed. Only a few millimetres of
mud layers coating the top of the final
bedforms were observed in some local
areas (e.g. Kamala Beach, Phuket),
and they were deposited probably
during slow outflow or stagnant water
(Choowong et al., 2007a). However,
thin layers of mud drape mixed with
organic patches were well recognized
within the wet swale environment at
Phrathong Island.

Sedimentary structures of
supercritical flow

Internal sedimentary structures of tsu-
nami deposits have been used exten-
sively to infer flow directions (e.g.
Fujiwara et al., 2003; Panegina et al.,
2003; Nelson et al., 2004; Cisternas
et al., 2005; Williams et al., 2005;
Moore et al., 2006; Nanayama and
Shigeno, 2006; Jaffe and Gelfenbaum,
2007). Sharp contacts between layers
of normal grading deposits are good
criteria to separate inflow and outflow
units (e.g. Nanayama et al., 2000).

Sets of sedimentary structures rep-
resenting antidune were recognized at
Lamson, Ranong. These lamina sets
are quite similar to both those re-
cognized in the flume experiment
(Alexander et al., 2001) using super-
critical water flows over aggrading
sand beds and those observed on
modern and ancient washover fans
(Barwis and Hayes, 1985). We infer
that the lamina sets of sedimentary
structures detected from Lamson are
of an antidune structure and represent
the deposition during supercritical
flow conditions.

The application of internal sedi-
mentary structures of tsunami depos-
its as a criterion for distinguishing
them from the other deposits is very
limited (e.g. Dawson et al., 1996;
Nanayama et al., 2000; Bryant, 2001;
Witter et al., 2001; Bussert and Aber-

© 2008 Blackwell Publishing Ltd
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Fig. 5 (A) Shows the pit wall where the continuous box samples (indicated in white squares) were collected for X-ray radiography.
(B) Mosaic X-ray radiographs exhibit the sedimentary structure of an antidune. (C) Detail sedimentary structures of the antidune
including upstream dipping laminae (ud), downstream dipping laminae (dd), structureless part of the trough fill (s), convex-upward
laminae with a trough-shaped base (cu), and symmetrical filling laminae and upstream dipping laminae (st).

han, 2004; Goff et al., 2004; Tuttle
et al., 2004; Dawson and Stewart,
2007; Morton et al., 2007). This is
because tsunami and other deposits
contain some similarities of sedimen-
tary structures and unique character-
istic structures that have never been
described. Antidune-like structures
have rarely been observed as a diag-
nostic criterion of the pre Holocene
tsunami deposits (e.g. Murakoshi and
Masuda, 1991; Fujino et al., 2006).
Our findings of antidune structures in
2004 tsunami deposit suggest that they
may be an additional sedimentological
clue that would confirm supercritical
flow conditions of the tsunami
current.

High concentration inflow inferred by
reverse grading

Reverse grading is common in numer-
ous kinds of sedimentary deposits
including beach foreshore and berm
overwash laminations (e.g. Clifton,
1969; Fisher, 1971; Schwartz, 1975;
Leatherman et al., 1977), foresets of
eolian and subaqueous dunes (Bag-
nold, 1941; Inman et al., 1966; Hun-
ter, 1976), and basal parts of some
coarse grained turbidites (Sanders,
1965; Walker, 1975), but is very rare
in tsunami deposits (Morton et al.,
2007). Apart from normal grading,
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which are common in the 2004 tsu-
nami deposits, reverse grading has
been reported from the north of
Pakarang Cape, Phang-nga (Higman
et al., 2006). In this study, reverse
grading was also detected from sev-
eral pit walls at Lamson, Ranong.
Reverse grading occurs because of a
high grain concentration and mutual
collisions among grains within a trac-
tion carpet or grain flow (Hand,
1997). Thus, reverse grading in tsu-
nami deposits indicates a very high
grain concentration within the tsu-
nami flow, and was possibly formed
at the initial stages of inundation at a
low water depth.

Conclusion

The preservation of capping bedforms
of the 2004 Indian Ocean tsunami
deposit can be used clearly to infer the
energy and direction of the tsunami
flow, but a determination of the exact
level of the flow depth that generated
them has never been made. To date,
the thickness and mean grain size of
tsunami deposits have been used to
estimate the flow surface velocity (e.g.
Jaffe and Gelfenbaum, 2007), whereas
the dimension of bedforms has been
applied to estimate the near bottom
threshold velocity (Choowong et al.,
2007b). The estimation of flow depth

in relation to the setting time and
velocity of sediment particles within a
flow is still challenging because of the
difficulty in estimating the grain con-
centration within a tsunami flow.
However, the sedimentary analysis of
this study confirms that a tsunami
with supercritical flow conditions
played a major role in the creation of
large capping bedforms and a thick
deposition of one sand unit. The
capping bedforms imply a very high
flow velocity and they could have well
preserved, if the velocity had
decreased rapidly when the flow depth
reached a maximum level. Short
ponding time after the tsunami
reached its maximum run-up could
provide sufficient time for fine parti-
cles to settle down, for example, in
case of Bangtao, Phuket, but not
necessarily in places where the tsu-
nami flooded over the area with no
return flow, such as at Lamson,
Ranong. Unlike the Bangtao and
Lamson cases, the deposition in the
wet swale of Phrathong Island shows
a clear preservation of both tsunami
inflow and outflow. The low topogra-
phy of the swale acted as a good
sediment trap. Sedimentary structures
within swale imply a turbulent flow at
the first hit followed by ponding and
slowly draining off along the topo-
graphic low lying areas of swale. The
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analysis of the 2004 tsunami deposits
in this paper helps to improve our
understanding of the depositional
characteristics in different landforms
and flow conditions. We propose that
the recognition of the 2004 tsunami
deposits outlined here can be success-
fully applied as a key criterion for
distinguishing the pre-2004 tsunami
deposits and other storm deposits
along this Andaman coast.
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Recent centuries provide no precedent for the 2004 Indian Ocean
tsunami, either on the coasts it devastated or within its source area.
The tsunami claimed nearly all of its victims on shores that had
gone 200 years or more without a tsunami disaster’. The associated
earthquake of magnitude 9.2 defied a Sumatra—Andaman cata-
logue that contains no nineteenth-century or twentieth-century
earthquake larger than magnitude 7.9 (ref. 2). The tsunami and
the earthquake together resulted from a fault rupture 1,500 km
long that expended centuries’ worth of plate convergence™.
Here, using sedimentary evidence for tsunamis®, we identify pro-
bable precedents for the 2004 tsunami at a grassy beach-ridge plain
125 km north of Phuket. The 2004 tsunami, running 2 km across
this plain, coated the ridges and intervening swales with a sheet of
sand commonly 5-20 cm thick. The peaty soils of two marshy
swales preserve the remains of several earlier sand sheets less than
2,800 years old. If responsible for the youngest of these pre-2004
sand sheets, the most recent full-size predecessor to the 2004 tsu-
nami occurred about 550-700 years ago.

The 2004 Indian Ocean tsunami, cresting higher in Thailand than
it did anywhere else east of Sumatra (Fig. 1b), rose as much as 20 m
above sea level on Phra Thong Island’. The main wave, as observed
from a hill on the island’s western shore (H, Fig. 1c), formed a
relentless flood that rose stepwise to heights above treetops®. The
tsunami ran more than 2 km inland across a Holocene plain com-
posed of grassy beach ridges and intervening tree-lined swales.

The flooding at Phra Thong, as on other Thai coastal plains™',
produced local erosion and widespread deposition. The tsunami
reamed out several drainages previously cut across beach ridges as
much as 300m inland (Fig. lc, e, and Supplementary Fig. 1). In
addition, it coated most of the island’s western half with a sheet of
sand (Fig. 1d). This sheet is locally lineated with sand streaks that
extend inland from the spoil piles of tin miners (Fig. le and
Supplementary Fig. 1). Its mean particle size ranges from medium
to very fine on a transect across the northern part of the island''.
Horizontal bedding is common, as is overall upward fining to coarse
silt.

Building on a previous reconnaissance'?, we sought pre-2004 sand
sheets at Phra Thong by digging pits and augering holes into ridges
and swales at more than 150 sites (Fig. 1d (dots) and Supplementary
Table 1). At 20 of these sites we found pre-2004 sand interbedded
with the peaty soils of swales that hold standing water most of the year
(Fig. 1d, red dots). We found no pre-2004 sand beds in the quartz-
sand soils of the ridges or in the slightly organic soils of swales that are
merely damp.

We traced pre-2004 beds across each of two marshy swales near a
place where the 2004 tsunami reportedly flowed about 10 m deep

(Figs le and 2a, and Supplementary Fig. 3a). These swales formed
about 2,500 years ago (bark and shell dates; Fig. 2b, c), when the
area’s relative sea level was probably within 1-2m of its present
position"’. Because beaches have built the island westwards, the more
westerly of the swales (X) postdates its neighbour (Y). We assembled
stratigraphic cross-sections from correlated pits, from auger borings
and from a trench 35m long, estimated particle size in the field,
inferred a preliminary chronology from radiocarbon dating of indi-
vidual plant remains and shells (Figs 2c and 3, and Supplementary
Table 2), and made diatom analyses (Supplementary Figs 4 and 5).

Peaty soil in swale X contains two sand sheets (B and C in Fig. 2b,
d) that resemble the overlying 2004 deposit. Sheet C, the earlier, is
commonly 10 cm thick. Coarse to very coarse sand forms a discon-
tinuous basal layer that fills pre-existing pockets in the underlying
soil. The rest of sheet C consists of very fine sand and coarse silt that
contains horizontal laminae defined most visibly by leaf fragments
(Fig. 3¢). The entire sheet formed after 2,200-2,400 sidereal years ago,
the age of an isolated piece of bark in the uppermost 1 cm of the
underlying buried soil. Leaf fragments within the sheet gave ages that
conflict with one another and that exceed the bark age by thousands
of years (Fig. 3c). Sheet B, commonly 5cm thick, typically fines
upwards from fine sand to sandy silt. It conformably overlies peaty
soil that contains a horizon of bark fragments in its uppermost 1 cm.
Three of these fragments, collected separately, yielded ages between
530 = 40 and 570 = 40 radiocarbon years before aD 1950 (**Cyr Br;
Fig. 3b). If scarcely younger than these fragments, sheet B was depo-
sited about 550700 sidereal years ago (Supplementary Table 2).

Three pre-2004 sand sheets alternate with peaty soil in swale Y
(Fig. 2¢, e). All three are similar in thickness to the overlying 2004
sand sheet, and all extend preferentially up the swale’s seaward side.
All were formed after the swale ceased holding an intertidal flat that is
marked by non-abraided molluscan shells 2,500-2,800 sidereal years
old (Fig. 2c¢ and Supplementary Table 2). The lowest two sheets,
otherwise undated and thus left uncorrelated with swale X, consist
mainly of very fine to fine sand. They lack sedimentary structures,
probably because of bioturbation that blurs their contacts with the
soils beneath (Fig. 2e). The highest pre-2004 sheet (B) retains a sharp
base and tabular shape that extend the full length of the trench
(Fig. 2f). This sheet typically fines upwards from basal fine or med-
ium sand to parallel-laminated very fine sand that abounds in leaf
fragments (Fig. 3a). It probably correlates with sheet B of swale X
because each is the youngest pre-2004 sand sheet in its swale and
because the leaf fragments in swale Y yielded ages too young for
correlation with sheet C (Fig. 3a, ¢).

Although the 2004 sand sheet abounds in brackish and marine
diatoms, the earlier sand sheets in swales X and Y lack diatoms of
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any kind (Supplementary Figs 4 and 5). Marine and brackish-water
diatoms aid in identifying tsunami deposits on temperate shores'*.
Perhaps their opaline silica valves do not last long in tropical warmth;
in experiments, the dissolution of diatoms increases with temper-
ature'.
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Preservation is also a problem for the sand sheets themselves. The
pre-2004 sheets are distinct and sharply bounded where the swale soil
is peaty, blurred by gradational contacts where the soil is just slightly
organic, and totally absent in the sandy soils of beach-ridge crests.
The 2004 tsunami deposit is already headed towards this fate: in wet
swales it has a protective cap of organic matter as much as 5 cm thick,
whereas on ridge crests it lacks any cover other than ejecta from
burrows that tap the underlying sandy soil. Sheet B, if truly correl-
ative between swales X and Y, initially spanned the intervening beach
ridge for a total shore-normal length of no less than 100 m (Fig. 1e).

Although sand sheets can record intense storms that drive waves
over or through sandy beach berms', the geographic setting limits
Phra Thong’s exposure to such storms. Less than 10° from the
Equator, this part of Thailand fringes the belt where the Coriolis
minimum limits cyclonic winds'’. Scores of twentieth-century
cyclones originated in Indian Ocean waters to its west, but all these
moved towards India, Bangladesh or Myanmar'® without producing
a known storm surge in Thailand". Tropical cyclones do strike
Thailand from its Pacific side. However, such a storm loses strength
during its overland crossing to the Indian Ocean (an example is given
in Supplementary Fig. 6), and its anticlockwise winds can pile the sea
against Thailand’s west coast only in the storm’s trailing-left quad-
rant.

Phra Thong’s setting also disfavours sand-sheet deposition by river
or wind. Tidal inlets separate the island from the nearest rivers
(Fig. 1c). Aeolian dunes obscure little, if any, of the island’s delicate
striping by beach ridges and swales (Fig. le and Supplementary Fig.
1).

Chronology provides three further reasons to ascribe the pre-2004
sand sheets to tsunamis. First, the middle Holocene ages of the leaf
fragments from sheet C (Fig. 3) imply scour into long-buried depos-
its beneath tidal inlets. The 2004 tsunami showed capacity for such
scour by knocking down mangroves along an inner part of the inlet
that bounds Phra Thong Island on the south (at Kin Fig. 1d). Second,
the sand sheets represent infrequent events: the soil between sheets C
and B spans 1,500-1,850 years, although it may contain the biotur-
bated remains of an intervening sheet (Supplementary Fig. 2¢); and
the interval between sheet B and the 2004 tsunami lasted nearly 550—
700 years (ranges computed from calibrated ages in Supplementary
Table 2). These time intervals are in the broad range of deductive
estimates for the recurrence of giant earthquakes in the Sumatra—
Andaman source region of the 2004 tsunami®~. Third, sheet B, if little
younger than AD 1300-1450 (Supplementary Table 2), may correlate
with tsunami and earthquake evidence elsewhere. The youngest
widespread pre-2004 sand sheet on a beach-ridge plain at
Meulaboh, Sumatra (Fig. la, Me) overlies plant detritus dated to
AD 1290-1400 (ref. 20). Two coral fragments on a marine terrace in
the Andaman Islands gave ages in the range AD 1200-1650 (ref. 21).
However, in accounts from Ibn Battuta (journey, AD 1325-1354)*
and the great Ming armadas (voyages, AD 1405-1433)*, we found
no written evidence for a sheet-B tsunami on Sumatran and Sri
Lankan shores that the 2004 tsunami would overrun.

Figure 1| Setting. a, Northern Sunda Trench and vicinity. Red lines show a
modelled fault slip during the 2004 Sumatra—Andaman earthquake® at 5
(outer contour), 10, 15 and 20 m. Green lines show pre-2004 rupture
areas™”°. Bathymetry is shaded at 1-km intervals. Me, Meulaboh; P, Phuket.
b, Heights of the 2004 tsunami on the eastern rim of the Indian Ocean”*"~.
The tallest bars for Thailand obscure dozens of height measurements below
local maxima. ¢, Landforms of Phra Thong Island. White areas denote beach
ridge plains (examples in e and Supplementary Fig. 1). The lines of angular
discordance (repeated for reference in d) probably record shoreline retreat.
H, Hornbill Hill®. d, Tsunami deposits on Phra Thong Island. K, knocked-
down mangroves along southern inlet. The 2004 tsunami heights are
maxima in metres above sea level (ref. 7 and Supplementary Fig. 1). e, Area
of stratigraphic evidence shown in Figs 2 and 3. Post-tsunami image,
probably taken early in 2005, from PointAsia.com. Trees and shrubs (dark
green) delineate some of the swales.
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Figure 2 | Cross-sectional shape of sand sheets. a, Topographic profile
along the line in Fig. le. VE, vertical exaggeration. Maximum tsunami
heights are from an eyewitness in the indicated tree (Fig. 1e and
Supplementary Fig. 3a) and from a post-tsunami survey 1 km to the
southwest (Fig. 1d and Supplementary Fig. 1b). b, ¢, Cross-sections in swales
X (b) and Y (c) from inferred correlation between pits and auger borings
(vertical grey lines). Soil peaty in swales (dark brown) and sandy on ridges
(light brown). Ages are from Supplementary Table 2. d, e, Sand sheets
alternate with dark peaty soils on the walls of pits in swales X (d) and Y
(e). f, Lateral continuity of sand sheet B exposed in trench.

What tsunami sources might Phra Thong’s pre-2004 sand sheets
represent? Too little is known about the sheets’ landward extent on
the island, let alone their potential correlates on other Indian Ocean
shores, to require full-size predecessors to the 2004 Sumatra—
Andaman earthquake. However, the sheets probably required rup-
tures larger than that of 1881 (Fig. 1a); no sand sheet from the 1881
tsunami, which crested less than 1 m high on Indian tide gauges™, is
evident at Phra Thong Island in fibrous peaty soils that the 2004
tsunami failed to incise while covering them with sand (Fig. 2d and
Supplementary Fig. 3c—g). The pre-2004 sheets may also require
Sunda Trench earthquakes larger than magnitude 8.5 if, as estimated
from numerical simulations’, such earthquakes would spawn Thai
tsunamis only a few metres high—barely high enough to invade Phra
Thong’s beach-ridge plain (Fig. 2a).

Sand sheets of Phra Thong Island thus forewarn of infrequent
catastrophe. They are already providing public officials and coastal
residents with tangible evidence that the 2004 tsunami was not the
first of its kind (Supplementary Fig. 7). Still to be determined is
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Figure 3 | Parallel laminae and radiocarbon ages. a, b, Indistinct horizontal
laminae in sheet B are highlighted by leaf fragments. The two fragments
dated yielded ages that differ from one another by about 600 radiocarbon
years (@). The younger of these ages overlaps with ages on detrital tree-trunk
bark in the highest part of the underlying soil (b). ¢, Leaf-fragments from
laminae in sheet C yielded widely scattered ages thousands of years greater
than that of bark in the underlying soil, all sampled within the same pit
(Fig. 2d).

whether centuries dependably separate such outsize tsunamis of
Sumatra—Andaman source, and whether these recur often enough
to dominate Thailand’s probabilistic tsunami hazard. Tsunamis
without precedent in written history may threaten Indian Ocean
shores that face other parts of the Sunda Trench and the Makran
subduction zone***. It can be hoped that natural warnings from
recent geological history will help avert surprises from these addi-
tional tsunami sources.

METHODS SUMMARY

Landforms in Fig. 1c were traced from 1:50,000-scale aerial photographs taken in
1999 and from post-tsunami satellite images at PointAsia.com and Google Earth.
In Fig. 2a the levelling had a closure error of 10 cm, and the tide levels refer to the
Khura Buri gauge, 16 km northeast of Phra Thong. Diatom separation and
analyses are described in Supplementary Figs 4 and 5. A separate suite of samples
from sheet B yielded rare foraminiferal tests, all well preserved, that we do not
interpret because of possible laboratory contamination with tests from the 2004
deposit. The radiocarbon age ranges reported in sidereal years span the 95%
confidence interval from counting and calibration statistics (Supplementary
Table 2).
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The 2004 Indian Ocean tsunami devastated the coastal areas along the Andaman western coast of Thailand
and left unique physical evidence of its impact, including the erosional landforms of the pre-tsunami
topography. Here we show the results from monitoring the natural recovery of beach areas at Khuk Khak and
Bang Niang tidal channels of Khao Lak area, Phang-nga, Thailand. A series of satellite images before and after
the tsunami event was employed for calculating the beach area and locating the position of the changed
shoreline. Field surveys to follow-up the development of the post-tsunami beach area were conducted from
2005 to 2007 and the yearly beach profile was measured in 2006. As a result, the scoured beach areas where
the tidal channel inlets were located underwent continuous recovery. The return of post-tsunami sediments
within the beach zone was either achieved by normal wind and wave processes or during the storm surges in
the rainy season. Post-2004 beach sediments were derived mainly from near offshore sources. The present
situation of the beach zone has almost completed reversion back to the equilibrium stage and this has
occurred within 2 years after the tsunami event. We suggest these results provide a better understanding of
the geomorphological process involved in beach recovery after severe erosion such as by tsunami events.
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1. Introduction

The 2004 Indian Ocean tsunami, triggered by the Mw 9.1-9.3
Sumatra-Andaman earthquake (Lay et al., 2005; Okal and Titov, 2007),
devastated the coastal areas of the Indian Ocean countries. The
tsunami extended across the Indian Ocean to damage the beach area
of the Andaman coast of Thailand and left behind unique physical
evidence of its impact, made up of the vast areas of erosional
landforms of the pre-tsunami topography. In particular, the beach
zone between the Pakarang Cape and the Khao Lak, Phang-nga
province, was one of the severely affected areas in Thailand. The
morphology of beach zone changed suddenly and the extensive
scoured features remained both on the beach and in the embayment
of tidal channels. The position of the normal coastline was shifted
inland causing the lowering of beach elevation and the loss of beach
sediments. Clearly, tidal inlet/outlets and the banks of the channels
were opened wider to a distance of about 1 km inland (e.g. Choowong
et al.,, 2007; Fagherazzi and Du, 2007). Thus, the monitoring of the
beach and tidal zones during the natural recovery of the beach area
after the tsunami event until the beach returned to a normal situation

* Corresponding author. Department of Geology, Faculty of Science, Chulalongkorn
University, Phrayathai, Bangkok, 10330, Thailand. Tel.: +66 2 2185445; fax: +66 2
2185464.

E-mail address: monkeng@hotmail.com (M. Choowong).
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is essential to better understand the geomorphological beach recovery
process following severe erosion.

A considerable and diverse array of satellite images displaying the
aerial comparison of the beach zones before and after the tsunami
were quickly published a few days after the 26th December 2004,
including images detected by the IKONOS satellite during the event
from Sri Lanka, and after the event from Indonesia and Khao Lak area
of Phang-nga, Thailand (e.g., CRISP, 2004; GISTDA, 2005; NASA, 2005).
Thereafter, the scoured features from beach zone both generated by
the tsunami inflows and the outflows have been reported from India
(Chadha et al., 2005), Sri Lanka (Papadopoulos et al., 2006), Indonesia
(Moore et al., 2006; Meilianda et al., 2007), Myanmar (Satake et al.,
2006), and Thailand (Matsutomi et al., 2005; Szczucinski et al., 2005;
Hori et al., 2007; Umitsu et al., 2007; Choowong et al., 2007, 2008a,b).
To date, only a few reports on the detailed analysis of the erosional
patterns within the scoured beach zone have been published, e.g.
Indonesia (Meilianda et al., 2007) and Thailand (Fagherazzi and Du,
2007).

1.1. Study areas

In this paper, we selected the tidal inlet/outlet at Khuk Khak and
Bang Niang to monitor the episodic changes of geomorphological
landforms after the 2004 tsunami incisions (Fig. 1). Here, we show
the systematic monitoring, and especially the spatial changes, in
the beach area using a series of satellite images from 2002 to 2007.
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tsunami coastal change characteristics (modified from Sinsakul et al., 2003) along Khao Lak to Pakarang Cape of Phang-nga, Thailand. The study areas, Khuk Khak and Bang Niang

tidal channels, are indicated by the black square inset.

The hypothesis was made that these two opened inlet/outlet tidal
channels provided a large accommodation space after the 2004
event and, therefore, beach sediments could be returned to
maintain the equilibrium profile (e.g. Dean, 1991) within the
beach zone. Spatial and temporal distributions of the beach areas
and the rate of sediment returned were also tested. Field surveys to
recognize the episodic changes of beach behavior have been made
since 2005. The measurement of beach profiles was done through-
out 2006. Additionally, surface sediments from the beach zone
were characterized to document the yearly depositional cycle in
2006.

The area of beach recovery we evaluated in this paper extends
from the south of Pakarang Cape to Khuk Khak, Bang Niang and
Khao Lak beaches, on the western side of the Thailand peninsula.
Khuk Khak and Bang Niang beaches are located between Pakarang
Cape and Khao Lak in the Phang-nga province (8° 41’ north, 98° 14’
east). The coastal area from Pakarang Cape to Khao Lak has
previously been classified into three types based on its erosional
and accretional characteristics (Sinsakul et al., 2003) (Fig. 1B). Firstly,
the coastal area from the southern part of Pakarang Cape, extending
to where the tidal channel in the south is located, was characterized
as a depositional coast with an accretion rate of 1-5 m/year.
Secondly, the next southward area from the first tidal channel down
to Bang Niang beach was defined as a stable coast with a
depositional rate of +1 my/year. Lastly, the area extending from
Bang Niang beach to Khao Lak beach was identified as a moderately
eroded coast with an erosional rate of 1-5 m/year. The two tidal
channels we focused on in this study thus appeared to represent a
depositional and stable coast before the tsunami event and became
the most seriously eroded zone after the 2004 tsunami.

1.2. Climate and tidal conditions

The coastal area we investigated is located in a tropical climate
with generally three seasons. The rainy season, from mid-May to
November, is characterized by moderate to heavy rain. The
southwest winds usually generate moderate waves about 0.3-
1.5 m high. Conversely, during November to mid-February, the
northeast monsoon presents a reversal of air movement and the
waves are generally small with a height of lower than 2 m. The
longshore current commonly flows from the south to the north.
However, during the monsoon wind, wave heights of more than
5 m can be generated. Tides are semidiurnal with two high and low
tides in 1 day, with an average tidal range of 1.55 m.

2. Materials and methods
2.1. Satellite images

A series of satellite images was used to analyze the gross
change in shoreline position and beach area. We followed the
most commonly used proxy for shoreline position, that is the
high water line (HWL), as proposed in the literature (e.g. Stafford,
1971; Dolan et al., 1980; Leatherman, 1983; Anders and Byrnes,
1991; Crowell et al., 1991; Morton, 1991). In addition, to quantify
the spatial distribution of the beach area and its changes, both
the seaward and landward beach margins were digitized. The line
of the high tide water mark and the edge of trees were used as
the limiting boundary of the beach area. Satellite images from
2002 to 2007 at different time records were employed to
estimate the spatial changes of the positions of coastline and
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Table 1

Series of satellite images used in this paper

Date Satellite Acquisition time (Thai) Tidal time® Source

15/11/2002  ASTER N/A Low tide NASAP

13/1/2003 IKONOS 11:11:49 AM Low tide CRISP®

1/3/2004 LANDSAT-5 TM 10:24:29 AM Low tide GISTDA
9/9/2004 LANDSAT-5 TM 10:29:09 AM Low tide GISTDA
29/12/2004 IKONOS 10:53:46 AM N/A GISTDA
30/12/2004 LANDSAT-5 TM 10:31:23 AM N/A GISTDA
31/12/2004  ASTER N/A N/A NASAP

16/2/2005 LANDSAT-5 TM 10:32:03 AM Low tide GISTDA
5/4/2005 LANDSAT-5 TM 10:32:34 AM High tide GISTDA
29/6/2005 SPOT-5 11:13:26 AM Low tide GISTDA
16/3/2006 SPOT-5 11:11:30 AM High tide GISTDA
26/11/2006 SPOT-5 11:07:50 AM High tide GISTDA

N/A = Not Available.

2 Tidal time compares with the nearest tides table at Ao Tab Lamu station, Phang-nga
province.

> NASA = NASA/GSFC/METI/ERSDAC/JAROS, and U.S./Japan ASTER Science Team. Data
published at http://observe.arc.nasa.gov/nasa/exhibits/tsunami/.

¢ CRISP published at http://www.crisp.nus.edu.sg/tsunami/tsunami.html.

for the precise calculation of the eroded areas from the 2004
tsunami event within the foreshore and the backshore zones
(Table 1). All satellite images were processed by Erdas Imagine
8.7 software and then ArcView 3.2a was utilized to calculate the
beach area and to identify the morphological changes before and
after the tsunami event.

2.2. Beach profiling and sediment sampling

We conducted a detailed field survey in early 2005 to map the
regional morphological features in beach and tidal channel zones and
then followed this with a yearly measurement of beach profiles, and
sampling of beach sediment in 2006.

2.2.1. Beach profiling

An accurate time series of beach profile measurements is
essential for any method used to decipher the shoreline erosion
and accretion trends and also for tracking beach recovery after
storms or severe events like a tsunami. Beach profiles were
measured both perpendicular and parallel to the coastline with a
normal 5 m interval between the surveyed points. Supplementary
surveyed points were also measured in places where the micro-
topography was investigated. The measurements of the vertical
and lateral beach profiles and the angle of beach face and slope
were carried out on four separate occasions throughout 2006 for
our two investigated areas. The measurement of the beach profile
was made in January (for Khuk Khak) and February (for Bang
Niang), and in May, August and November for both localities,
which represents the winter, summer, and rainy seasons,
respectively. Local time series of water level during the
measurement were also recorded for the conversion of profile
levels to the level of mean tide.

2.2.2. Beach sediment sampling

Although any given beach can display a large range of sizes and
shapes, we expected that each beach would be characterized by a
particular texture and composition. Textural trends alongshore and
cross-shore are indicative of the depositional energy and the
stability or instability of the foreshore and nearshore zones (Larson
et al., 1997). Surface sediments provide information about the
energy of the environment as well as the long-term processes and
movement of materials.

Surface samples of beach sediments were collected systematically
and shallow pits were dug along the surveyed profiles. The bulk
samples were grabbed within a 10 cm depth with a 20 m interval

between pits. Likewise, the surface beach sediments were sampled
on four occasions in 2006, similar to the times when the profiles
were measured. Grain sizes were analyzed by a sieving method and
the calculation of statistical parameters was based on the moment
method (Folk and Ward, 1957). We also described the stratigraphy of
the post-2004 beach deposits along the north-south profile of Khuk
Khak area. The five representative stratigraphies were documented
and the bulk samples of one depositional event were kept for
analyzing the vertical distribution of grain size diameters. The aim of
analyzing these stratigraphies was to elucidate the typical deposi-
tional sequences that likely represent the formation of a new beach
as sand spit to the north alongshore. The sedimentary structures
within the individual depositional event were also carefully observed
and recorded as part of the stratigraphical correlation to distinguish
the normal beach formation from storm process.

3. Results
3.1. Position of the coastline

The positions of pre-tsunami coastlines, measured from a series of
satellite images during 2002 to 2004, show the equilibrium cycle on
the beach zone at Khuk Khak and Bang Niang areas (Fig. 2A). Changes
in the shoreline positions before the 2004 tsunami event were mainly
responses to the seasonal change with a rate of deposition and
accretion of £1-5 m/year (Sinsakul et al., 2003). Three days after the
2004 tsunami, the position of coastline had changed, as indicated by
traces of high tide and flood scour at the open tidal inlet (Fagherazzi
and Du, 2007). The calculated change in position of the coastline
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(B) a diagram showing the positions of the shoreline changed from 2002-2006.
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showed that it was moved 24.18 m inland. At the bottom of the tidal
inlet, the sediments had almost disappeared. The low elevation of the
remaining sediments was possibly due to deposition during the slow
outflow following the tsunami (Choowong et al., 2008a). As a result,
the widening of tidal inlet/outlet and channel banks produced a large
accommodation space (Coe et al., 2003). This condition will have likely
favored the trapping of new sediments with a likely faster rate of
deposition than what we would have expected for a stable beach zone
(Fig. 3B).

After the 2004 tsunami, the recovery of beach sediments rapidly
prograded seaward, with a spatial accretionary distance of 20.49 m
calculated from January to February 2005 (Fig. 2B). A rapid deposition
within the first 2 months after the 2004 tsunami revealed that coastal
process had played a dominant role in recovery of the beach areas and
returned sediments back into a large accommodation space of the
opened tidal channel. Thereafter, the rate of accretion slightly
decreased and tended to become stabilized by November 2006
(Fig. 2). In conclusion, the average distance of the mean high tide
shoreline to the reference point before the 2004 tsunami was
205.82 m, and this was reduced to 183.61 m by tsunami-induced
erosion. However, within 2 years, which is by November 2006, the
distance had returned to 204.32 m and has remained stable since then
to date, leading us to conclude that the morphology of beach zone at
Khuk Khak and Bang Niang areas had recovered by November 2006.

3.2. Calculation of beach area

The total beach area extending from Khuk Khak to Bang Niang
before the 2004 tsunami was 86,660 m?, as measured on November

2002 (Fig. 3A and E). The area decreased slightly to 72,680 m? in
March and 70,560 m? in September 2004, which indicated the normal
seasonal change within the equilibrium cycle of beach zone erosion
and accretion. After the 2004 tsunami the beach area was reduced by
essentially two thirds, to 23,790 m?, compared to the pre-tsunami
beach area on September 2004 (Fig. 3B and E). Thereafter, the beach
area increased rapidly to 66,860 m? in 2 months (February 2005) and
to 98,180 m? by November 2006 (Fig. 3C, D, and E). Interestingly, a
number of beach areas calculated in November 2006 were slightly
higher than the average area before the 2004 tsunami (Fig. 3E).
Regardless, this situation of beach deposits again suggested that the
beach area from Khuk Khak to Bang Niang was completely recovered.

3.3. Change in coastal landforms

The formation of sand spit in the Khuk Khak area from 2005 to
2006 showed a trend of deposition towards the north which reflected
the northward longshore drift that dominates in this area (Fig. 4A
to E). The position of the inlet at Khuk Khak was also shifted
northwards along the direction of the spit growth, presumably mainly
due to the influence of the dominant alongshore current. In the rainy
season, small washover fans were found superimposed on the surface
of the backshore slope some 100 m inland from the coastline (Fig. 4F).
The traces of high-energy deposits were also recognized within the
stratigraphy of the sand spit at Khuk Khak. In contrast, the formation
of beach at Bang Niang area was characterized by a beach barrier with
a flood tidal delta. The position of the channel bed at Bang Niang was
changed laterally throughout 2006 due to meandering of the tidal
channel. We observed at Bang Niang during a storm event in May
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landforms and process that occurred within the 2 years after the tsunami event.

2006 that the inlet was closed and filled by a large amount of coarse-
to very coarse-grained sand with extensive coral fragments. These
situations suggest that the sediment supply to the shore along this
coastline is mainly carried from marine sources rather than of
terrestrial origin.

3.4. Beach profiles

We measured the profile across the beach zone at Khuk Khak to
understand the morphological changes through time from January
to November 2006 (Fig. 5A and B). From January to May, erosion
occurred slightly at the foreshore, as recognized from a landward
retreat of the beach ridge profile. After that, from May to August
2006, the crest of the beach ridge was slightly higher and the
foreshore slope was steeper than those recorded in January to May.
The level of the backshore surface was also slightly higher, which
was probably caused by the overtopping of washover deposits left
by storm surges. Then, from August to November, the crest of the
beach ridge was slightly higher and the foreshore slope was also

steeper than in May, with a concave shape. This feature indicated a
normal translation of sand bar within the foreshore zone. The
changes in profiles of the foreshore and backshore seem likely to
support that the beach ridge here had started to achieve its equi-
librium profile.

The formation of the beach area at Bang Niang showed a similar
pattern throughout 2006 to that discussed above for the Khuk Khak
area. In February, the beach profile exhibited a steeper slope than
in May (Fig. 5D and E). The rapid deposition that occurred in May
led to the rising of the beach ridge crest. During the storm period in
May, sediment deposited at the mouth of the inlet tidal channel
with the crest of the beach ridge was slightly higher than the high
tide water level (HTWL). The inlet was subsequently totally filled by
beach and storm washover sediments favoring the channel
becoming a temporary lagoon. By August, the inlet was open
again and the channel connected to the sea, whilst from August to
November the beach ridge was slightly higher than in May. Thus
we suggest that the beach at Bang Niang inlet was likely to have
reached its equilibrium profile by 2006. This cycle represents a
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sediments.

series of erosional events during rainy seasons followed by beach
recovery during dry seasons.

3.5. Sediment properties and stratigraphy

We examined 85 bulk samples of surface beach sediments from
two areas. The average grain size of the post-2004 surface beach
sediments at Khuk Khak showed a majority of coarse-grained sand
(0.5-1.0 mm) (Fig. 5C). The recovery sediments show the seasonal

change. In January 2006 (Table 2), the grain size of beach sediment
was characterized by coarse sand with an average diameter of
0.682 mm, and then slightly finer to 0.669 mm in May. During the
rainy and storm season from May to August, the grain size increased to
0.751 mm, and then decreased again to 0.561 mm at the beginning of
the winter season.

The average grain size analysis at Bang Niang area (Fig. 5F) revealed
a similar trend as that reported at the Khuk Khak area above, but was
dominated by coarse-grained sand (Table 2). In February, the mean
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Table 2
Change in grain size of beach sediment at Khuk Khak and Bang Niang in 2006

Area January® and February® (mm) May (mm) August (mm) November (mm)
KK'  0.682 0.669 0.751 0.561
BN? 0507 0.783 0.899 0.777

1 = Khuk Khak; 2 = Bang Niang.
2 Samples collected from KK.
> Sample collected from BN.

diameter of the surface beach sand was 0.507 mm, and this increased
to 0.783 mm in May. During the rainy season in August, grain size
increased to 0.899 mm. Finally, at the end of the rainy season in
November, the grain size had decreased to 0.777 mm.

A change in the mean grain size was also observed to exhibit a
relationship with beach morphology as the degree of difference in
grain size at the foreshore in each season was greater than at the
backshore (Fig. 5B-C and E-F). Within the backshore zone, the
average grain size seemed to show the same trend throughout the
year, whereas at the foreshore the change in mean grain size with
each season was clearly observed. In general, the foreshore, and
especially in swash zone, was a dynamic area because waves
impact on this part all the time and sediment also moves in and out
in both horizontal and vertical directions. In contrast, at the
backshore the effect from waves usually only occurs during storm
surges, making sediments in this zone more stable than in the
foreshore zone.

The compositions of surficial beach sediments of Khuk Khak and
Bang Niang areas were mainly composed of quartz (60%), bioclasts
(35%), and 5% of rocks fragment and heavy minerals. Bioclasts mainly
contained coral fragments and shell fragments. Interestingly, the
percentage of quartz during rainy season decreased whilst the
percentage of bioclasts (i.e. shell fragments and coral fragments)
increased (Table 3). All sediment samples were moderately sorted
with angular to sub-angular sphericity morphology. These character-
istics of beach composition helped us to distinguish the storm
depositional events and a normal coastal deposit. We employed
these depositional patterns to infer several depositions by storm
events recorded in all the stratigraphies of the sand spit described in
the Khuk Khak area (Fig. 6).

The succession of storm deposits (Fig. 6B and C) at Khuk Khak has
some distinctive characteristics that help us to differentiate fair
weather deposits from storm deposits. The composition and grain
size of the sediment is the important key that we used to identify
this kind of high-energy deposits. From KK1 log, two events of high-
energy deposits were indicated by two fining-upward sequences
from coarse to very coarse sand rich in bioclasts, such as shell
fragments and coral fragments to the medium sand. These coarse to
very coarse sands can be transported and deposited by high-energy
flows during storm periods whereas the smaller grains are usually
deposited either during the waning phase of a storm surge or during
fair weather periods. Bioclasts, especially coral fragments which
indicate an offshore source, were also found mainly in the coarse
sand layer that indicated a high-energy flow which probably
occurred during a storm event. In contrast, during fair weather
periods bioclasts were rarely deposited in the successions, as
evidenced in all five stratigraphical logs. These findings are also
supported by the results of grain size analysis and the composition of
sediment deposits. When they are present in the rainy season the
average diameter of the grain size and percentage composition of
bioclasts were respectively bigger and higher than in the other
seasons. In conclusion, at Khuk Khak successive storm deposits
consist of sand with an average grain diameter that is larger than
other sand layers, and contain a bioclast composition which is
associated with coarse sand layers and is rarely found in other layers.

4. Discussions
4.1. Large accommodation space

The coastal plain at Khuk Khak and Bang Niang tidal channels
before the 2004 Indian Ocean tsunami event showed stability
(Sinsakul et al., 2003) (Fig. 1B). Our analysis of the change in
shoreline positions showed a localized seasonal change in the
beach zone between these two tidal channels. It is simply
explained that the stability occurs once the accommodation
space of the area was returned to zero. After the 26th December
2004, the tsunami caused severe erosion with approximately 67%
loss of beach surface area, and led to an extensive increase in the
accommodation space within the opened and widened tidal
channel embayment (Fig. 3B). The rapid rate of deposition that
then ensued occurred due to the large positive accommodation
space that favored sediment deposition. As a result, the shoreline
was prograded rapidly in a seaward direction (Fig. 2). Results of
satellite image analysis of the changes in beach area after the
2004 tsunami from both sites revealed a rapid formation of
landforms and beach sediments, which represent the extensive
formation of beach that started a few months after the event.
Thus, from January to June 2005 the deposition of sediment in
the scoured beach and tidal channel led to approximately 60%
recovery of beach surface area, based on the results of beach area
calculations from satellite images.

After sediments had filled up the large positive accommodation
space, the rate of the recovery process decreased gradually from
August 2005 to November 2006 (Fig. 3E); whilst the beach zone
seemed to be stabilized. After November 2006, the accommodation
space decreased to almost zero and both tidal channel areas
became the sites of a sediment by-pass zone (Fig. 3C). If there is a
negative amount of accommodation space, the previously depos-
ited sediments will be eroded and transported to the area of
(positive) accommodation space nearby, thus preserving the
equilibrium profile (or depositional profile) where the available
accommodation space is balanced by the amount of sediment
supplied (Coe et al., 2003).

However, this rapid sedimentation was recognized only in the
beach zone. We suggest that the widened cut banks along the tidal
channel which now extend quite far inland may need several years to
return to equilibrium, in agreement with the suggestion by Fagherazzi
and Du (2007).

4.2. Source of 2004 tsunami and the post-recovered sediments

We inferred that the sources of quartz and bioclasts deposited
along the coast of Khao Lak were derived mainly from the offshore
bottom sediments. The angular to sub-angular morphology of the
quartz grains and their moderately sorted surface samples were
examined and all indicated they were from local sources of
sediment supplied to the beach zone. The extensive presence of
bioclasts (i.e. coral fragments) also helped to locate the nearshore
sources of beach sediments. This is confirmed by Benzoni et al.

Table 3
The percentage of grain compositions in the post-2004 beach sediments

Area January® and
February® (%)
Quartz Bioclasts Quartz Bioclasts Quartz Bioclasts Quartz Bioclasts

KK' 6286 2357 6125 36.38 65.00 34.19 67.00 30.78
BN? 6348 3248 66.71  32.29 60.55 3718 6792  28.25

1 = Khuk Khak; 2 = Bang Niang.
2 Samples collected from KK.
b Sample collected from BN.

May (%) August (%) November (%)
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(2006) who showed that several locations of the offshore
submerged coral platforms from Khao Lak to Pakarang Cape
which had been broken by the 2004 tsunami. Much of the broken
coral boulders and fragments were moved away from the coral
platforms and re-deposited close to the shore (Goto et al., 2007). It
therefore seems of little doubt that small fragments of coral remain
offshore and can then be carried onshore by the storm waves
during the monsoon season.

5. Conclusion

1) The result of field surveys from 2005 to 2007 showed the rapid
development of landforms causing beach sediment to return to the
shoreline along the Bang Niang to Khuk Khak coastline of Phang-nga,
Thailand. We conclude that the beach area had recovered by late 2006
and slightly exceeded the average area measured before the tsunami
event. The present morphological process in this area now is mainly
the adjustment of the beach zone to maintain the equilibrium profile.
The recent formation of the sand spit at Khuk Khak tidal channel
tends towards the north and is generated by a sediment transport
pathway due to the prevalent northward alongshore current.
Results of beach profile measurements can be related to the
morphological changes through time. The changes in foreshore
and backshore profiles also support that the beach ridges initiate
the balance in the equilibrium cycle, similar to the results of beach
area calculations. We suggest that the balance of deposition and
erosion of sediment at Khuk Khak and Bang Niang inlet/outlet tidal
channels was also achieved by late 2006.

Grain size analysis of the post-2004 surface beach sediments at
both sites contains a majority of coarse-grained sand. Quartz and
bioclasts are common. The grain size during the recovery period
changed in accord with seasonal changes. We infer that the sources
of quartz and bioclasts, the majority of the deposition along the
coast from Bang Niang to Khuk Khak, were derived mainly from the
offshore bottom sediments.

N
—

w

However, the return of beach area and sedimentation was
recognized only in the beach zone and inlet/outlet of tidal channel.
Small incisions in the beach face can be recovered, but the widened
cut banks along the tidal channels inland may either need several
decades to return or these incisions will now persist into the
geological record.
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Abstract

Submerged and subaerial coastal morphology, nature and distribution of bottom sediments are among
the main key factors influencing the environmental impact by tsunami. Here we show our results of the post
2004 tsunami surveys both offshore and nearshore zones. After the 26™ December 2004 Indian Ocean tsuna-
mi, new bathymetric map and beach profile measurement along Khao Lak area, SW Thailand were made dur-
ing the year 2006. Sedimentological analysis data of 144 bottom sediment samples together with many obser-
vation sites by scuba diving and the echosounder profiles were used for creating the detailed map of sediments
and rocky bottoms in this area with a basis scale of 1:30,000. Bottom morphology of the offshore bathymetry,
sediment features and distribution patterns in relation to nature of run-up heights are also discussed. As a resullt,
bottom morphology shows significant that can be explained the tsunami impact and run-up reflecting the dif-
ferent nature of each contiguous coastal area, the coastal stretches that were eroded by the tsunami waves were

almost fully restored by natural processes of sediment redistribution two years after the catastrophic event.

KeyWOI‘dS: 2004 Indian Ocean tsunami, Khao Lak, offshore morphology, offshore sediments, coastline

change

Introduction

On the 26/12/2004, a catastrophic tsunami wave severe-
ly damaged the coastal environment and the human com-
munity in almost all the countries around the Indian Ocean.
Soon after the event, the international solidarity started
immediate assistance to peoples and analysis of impact by
tsunami wave impact on the environment began. Several
pioneer reports and published papers on this extraordinary
destruction wave were aimed [1] to document the effects
and to better understand the dynamic event, the cause and
the factors that has given a different wave impact in coastal
area. The tsunami dead toll and injured people in Thailand

*e-mail: digeroni@unict.it

exceeded 8500 victims [2] and in terms of geomorphologi-
cal impact, Phang Nga province was the most severe dam-
aged area.

Later on, many papers were published to document
such a tsunami field signature and described the character-
istics of tsunami deposits along the Thai coasts [1, 3-9].
Another group of researchers attempted to model the tsuna-
mi wave propagation and compare the model with the
observed effects on the land [7, 10-12].

Three major components in the mathematical model-
ling of tsunami that were considered by those authors
include:

1) the source;
2) the sea bathymetry;
3) the wave propagation and the run-up model.
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As a result, the wave propagation and the run-up mod-
els on the regional scale seemed likely not fully satisfacto-
ry in comparison with the small local coastal area.
However, those publications provided the best key parame-
ters that will be useful for coastal hazard mitigation in the
future. Before the 2004 event, the inland topography and
geomorphology of the coastal area of Thailand were well
studied, on the contrary, the marine bottom configurations
were less known. The previous available bathymetry data
are satisfactory only to model the wave propagation in a
regional scale starting from deep sea and on the most outer
part of the continental shelf, but looked likely not appropri-
ate to model a localized bathymetry near the coast. In the
last miles, west the coastline, bathymetry and morphology
changes are of the main factors that strongly affect the wave
parameters and propagation. This is due to the fact that the
sea level, as recorded by eyewitness personal video and
photographs from Khao Lak, showed an initial withdrawal
of the sea water to about 6-7 metres deep (Fig. 1). Later on,
the first and second front waves appeared when the wave
crest was overturned just few miles far from the coast. The
front wave, earlier propagated as an almost straight line, but
later on changes direction near the Khao Lak beach, owing
to the articulated bottom morphology and lithology, with
different measures rises and fragments (Fig. 1). A white
foam crest became bigger and higher, and at last changed
colour to brown owing to the hig grain concentration both
traction and suspension sediments pulled up from the bot-
tom and entrained to the land. The evidence of run-up
heights surveyed at Khao Lak area was between 4 and 20m
with the maximum observed at Ban Bang Sak [10, 13].

It is evident, then, that the offshore bathymetry, mor-
phology, the characteristics of sediments and rocky bottoms
data of the coastal area in place where the tsunami crossing
through in last marine mile are very important factors to
calculate the more accuracy of run-up and the wave energy
values for tsunami hazard evaluation and mitigation. On the
basis of this remarks and because the most detailed marine
map previously available of the area was 1:60,000 scale
[14], the construction of a detailed bathymetry and bottom
sediment map of Khao Lak area 1:30,000 scale was the first
primary goal of our project. In the same time, coastal evo-
lution after the tsunami was also studied.

Methods

The post tsunami field works were made in three peri-
ods, each lasting one week, during February, April and
December 2006, along the offshore area of the Andaman
coast between Ban Thap Lamu and Ban Bang Sak, Khao
Lak, Phang Nga Province (Fig. 2).

A local small boat was equipped with the Lowrance
LCX-25C echosounder associated with a GPS. The sur-
veyed lines covered a total distance of 363km with 64 shore
normal transects, approximately 350m apart, extended as
far as 15m depth. Additionally, supplementary shore paral-
lel transects were made covering a total distance of S5km.

For sedimentological study, 144 sea bottoms samples:
84 by means of a Van Veen grab and 60 hand corers by a
scuba diver were taken. The sediments, analysed following
standard methods, were described by gravel-sand-silt pro-
portions [15] (Table 1). For a better interpretation of sea
bottom topography, geomorphology and sediments distrib-
ution patterns, many scuba diving visual surveys and many
photographs and video documentation were performed.

All the data collected were used for the construction of
a new topographical and sedimentological map 1:30,000 of
the area [16] (Fig. 2).

Different periods of satellite images taken from 2002 to
2006 were used to calculate area of eroded shoreline, espe-
cially within foreshore and beach zone. Technique in
Geographical Information System (GIS) was applied as a
tool for the more precise calculation of beach area and
helped in planning line survey of beach measurement.

Detail field investigation included the measurement of
beach profiles at four selected tidal channels where the
2004 Indian Ocean tsunami eroded away extensive amount
of beach sediment and wider the channel mouth.
Systematic collection in beach sediment along the survey
lines from early 2005 to late 2006 was carried out [17, 18].

Morphology
At Ban Bang Niang bay, between Laem Pakarang and

Laem Po,the opened bay is the main coastal feature along
this coastline. It also covers the small Khao Lak bay that

Fig. 1. Arrival of 26 December 2004 tsunami to the Khao Lak coast. Pictures from a eyewitness personal video at Laem Hin Chang
viewpoint. a) Withdrawal of the first depression wave, at approximately 10h15” a.m.. b) Just after the arrival of the first wave, approx-
imately 10h22’ a.m. 1) refracted wave from Laem Hin Chang northern side; 2) backwash from Ao Sam Poeng; 3) The front of first
wave still not arrived to the Ban Bang Niang and Laem Pakarang coast, owing the bottom morphology and lithology.
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Table 1. Granulometric composition of the sampling sites.

Samples | Gravel Sand Mud Samples | Gravel Sand Mud Samples | Gravel Sand Mud
1 0 98.93 1.07 51 0.89 20.68 78.43 103 11.4 86.97 1.63
3 1.42 88.75 9.83 52 21.06 77.36 1.57 104 0.09 96.71 32
4 3.85 94.15 2.01 53 18.46 80.87 0.67 105 0.06 16.06 83.87
5 28.95 71.05 0 57 354 60.95 3.65 106 0 4223 57.77
6 19.21 77.12 3.67 58 23.69 71.21 5.1 107 10.24 88.43 1.33
7 28.39 71.45 0.16 61 0 80.54 19.46 108 37.04 60.55 242
8 28.47 59.24 12.28 64 471 254 69.83 109 16.13 80.67 32
9 0.44 60.61 38.95 65 10.99 87.99 1.01 111 5234 45.05 2.6
10 8.26 87.02 4.72 66 21 77.62 1.38 112 21.05 76.86 2.09
1 0.12 99.75 0.12 67 0 24.43 75.57 113 0.11 86.13 13.76
12 36.38 53.69 9.94 68 0 17.16 82.84 114 0,00 1.67 98.33
13 0.49 81.51 18 71 0.16 60.87 38.97 115 50.55 47.89 1.56
14 0.55 93.97 5.48 72 0.23 60.48 39.29 116 333 95.8 0.87
18 6.99 83.37 9.64 73 19.14 794 1.47 117 2.63 96.07 1.3
19 14.16 843 1.54 74 0,00 3.99 96.01 118 1.21 97.05 1.74
20 0 10.53 89.47 75 0.58 95.57 3.86 119 36.52 61.97 1.57
21 0 74.78 25.22 76 474 51.12 1.43 120 36.59 41.8 21.6
22 0 94.38 5.62 77 8.59 11.53 79.88 121 26.78 69.76 3.46
23 0 2541 74.59 79 13.17 85.87 0.96 122 28.84 69.19 1.96
24 10.08 74.58 15.34 80 5.69 94.19 0.12 123 7.37 89.34 3.28
26 0.38 23.85 75.77 81 14.11 84.74 1.15 124 65.25 32.09 2.66
28 18.53 65.81 15.65 82 0,00 6.29 93.71 125 0.85 85.75 13.41
29 0 17.37 82.63 83 19.67 79.47 0.85 126 0.02 87.37 12.62
30 24.86 55.72 19.42 84 18.66 79.2 2.15 127 0 46.24 53.76
31 0 90.86 9.14 85 0,00 2.15 97.85 128 0.53 25.3 74.17
33 0.1 80.59 18.32 86 12.07 86.38 1.55 129 359 60.4 3.71
34 224 94.84 2.93 87 18.73 79.2 2.06 130 0.02 50.4 49.58
35 24.47 713 3.74 88 0.65 97.14 221 131 9.35 85.21 5.45
36 39.84 553 4.85 89 71.49 28.01 0.51 132 2433 72.85 2.82
37 23.55 74.6 1.85 90 0.34 97.67 1.99 133 12.03 84.33 3.64
38 16.02 32.64 51.34 91 0.08 95.51 441 134 33.41 63.63 2.96
39 0.48 11.96 87.56 92 19.99 78.26 1.75 135 11.03 86.42 2.55
40 0 42.12 57.88 93 0.01 97.09 29 136 35.53 61.6 2.86
41 1.76 93.94 431 94 18.06 80.77 1.18 137 22.75 75.11 2.14
42 2.51 60.44 37.06 95 25.25 73.45 1.3 138 17.47 78.46 4.07
43 11.61 79.77 8.62 96 3331 65.7 0.99 139 14.12 83.72 2.15
44 32.83 66.67 0.5 97 37.17 61.52 1.31 140 16 81.8 22
45 17.9 81.15 0.95 98 62.04 33.11 4.85 141 37.13 59.88 2.99
47 49.49 47.74 2.77 99 0.6 49.4 50 142 50.32 49.06 0.62
48 2391 74.9 1.2 100 56.79 4141 1.8 143 15.92 733 10.78
49 153 79.3 54 101 39.03 59.08 1.89 144 0.33 30.03 69.64
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partially protected by the Laem Ao Kham rocky peninsula,
locating in the south of Laem Hin Chang. At the Pakarang
northern side, this area covers the southern half of the Ban
Bang Sak bay, closed to the north by Laem Hua Krang Noi.
The Khao Lak, a sandy coast, is generally affected by
tsunami that made up of the opened small river mouths and
tidal channels with widened cut banks. Mangrove areas are
locally along Khlong Phru Sai, Khuek Khak and at Ao
Khlong Rian. Rocky coast are dominated as headlands in
the north and the south side of Laem Hin Chang and at
Laem Ao Kham peninsula.

The sea floor to the North of Pakarang is gently and uni-
formly degrading up to 15m of depth with dip values of
0.20% (Fig. 3A, prof. 1) except for a narrow coastal area
where bottom configurations are quite irregular owing to
the presence of several small granite outcrops and large
blocks scattered on the sea floor.

From Pakarang to Laem Hin Chang the bottom mor-
phology is even more complex and articulated. Off the
coast from Laem Pakarang is surrounded for a length of
3km by a reef tidal flat with more than 800m wide. After a
dipping as far as 10.5m, the bottoms high up again in cor-
respondence with a reef shoal extended in N-S direction
and reaching on its top a depth of 8.5m (Fig. 3B). As a
whole, the area along the slope off the Pakarang reef edge
and that one surrounding the shoal is scattered by several
boulders and blocks up to over 2m in diameter; some of
them are emerging from the bottom sediment, others are
simply resting on the bottom surface. The shoal is
colonised by several species of corals, but only some of
them are horned corals. These horned corals are instead
totally lacking along the slope of the tidal flat. Similar
shoals, slightly smaller and is located at a little more deep-
er part (-12m) to the northwest of Laem Ao Kha (Fig. 3B).

05 meter
1 mietes
5 muters.

Soundings in metres, reduced to Lowest Low Water

Fig. 2. Topographical and sedimentological map of Khao Lak study area modified from [16].
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The bottom area between these two shoals, from 9-10m to
15-16m deep, shows .0.30% mean dip and is mainly char-
acterised by scattered small rocks consisting of biohermal
limestones. These biohermal limestones are located above
the bottom 1.5m at most and are more frequent in the area
off the coast of Bang Niang.

To the South of the Pakarang reef flat as far as Ao
Khao Lak, the bottom is extremely indented for a length
of ca. 15km and presents a great amount of shoals and
coastal rocks. These latter are abundant to the South of
Bang Niang and constitute the extension in the submarine
environment of the granite outcrops from the mainland.
The upper parts of some shoals emerge also at high tide
levels (Hin Krang Nok, Hin Khi Nok). On their upper sur-
face, especially on the larger ones, sedimentary pockets
consisting of sands and sandy gravel are present.
Channels and their pathways occur within such shoals
representing the preferential passage in which backwash
streams and sediments canalized during monsoon storms
(Fig. 3B).
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Lastly, in the most southern area, a narrow and long
peninsula of Laem Ao Kham presents on its western side as
a reef tidal flat (wide up to 350m and ca. 2km long) which
forming a steep slope as far as -16 m and more, 2.22% dip-
ping on its upper part and 0.71% on its deeper bottoms (Fig.
3A prof. 7).

The Coastline and the Shore

After one year of tsunami event which shoreline was
almost recovered, the characteristic of coastal type in the
study area did not change from the day before tsunami
event. Before 2004 tsunami event, the rate of coastal ero-
sion along Laem Pakarang to Khao Lak area was docu-
mented and the characteristic of coastal behaviour in this
area into three types were classified [19]. Firstly, coastal
area from the southern part of Laem Pakarang to the south
tidal channel where Blue Village Pakarang Resort located
was characterized as a depositional coast with the accretion
rate of 1-5m/year. Secondly, from the Blue Village Pakarang

o0'ar

o0'sy

o'y

ogsr

o0Zy

oLy

O Ot

o'

002

o't

00'PE
-

Fig. 3. Relationship between the coastal zone slope inclination, the submerged morphology and lithology and the run-up height. A)
Significant morphological bottom profiles (vertical axis-depth in m, horizontal axis-distance). For each profile the latitude value posi-
tion is indicated. B) Bathymetry map with rocky bottoms; length and position of profiles (1-7). The arrows represent the Andaman cur-
rent to the south, the littoral drift to the north, the bottoms current by storms to the open sea. The circular arrows represent the two
tsunami vortexes. C) Run-up height values observed by [10, 13] and their position at the Khao Lak coastline.
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Resort down south to Ban Bang Niang, this zone was
defined as a stable coast with depositional rate of +1m/year.
Lastly, the area extending from Ban Bang Niang to Khao
Lak was identified as a moderately eroded coast with ero-
sional rate of 1-Sm/year. After the tsunami event the charac-
teristic of coastal behaviour in this area is still the same.

Results of remote sensing and GIS analysis in shoreline
change and beach area recovery show that the recovery of
shoreline in the northern part of the study area from Blue
Village Pakarang Resort down south to Klong Khuek Khak
was 98% recovered whereas at Ban Bang Niang recovery
of shoreline was 96%. Recovery of beach area is also sim-
ilar [17, 18].

The Offshore Sediments

At Khao Lak, the distribution of offshore sediment
shows a N-S discontinuous muddy strip landward by sands
and towards open sea by sandy gravels and gravelly sands
bound (Fig. 2). A longitudinal fragmented and submerged
rocky shoals line divided the muddy strip into two parts
[16]. The deeper outer strip, is made mostly by gravelly
sand but near the biohermal limestone rocky bottoms and
seawards the reef edges of Laem Pakarang and Laem Ao
Kham, sandy gravels are common. This strip is as far as
3km wide and starts from 10m deep approximately. The
sands are medium-coarse grained in size, with rounded or
subrounded quartz granules and a small percentage of car-
bonates. The organogenic fraction is mainly made by
brown colour, strongly eroded, rounded and bioeroded mol-
luscs and corals fragments. The sandy gravels, in a similar
way, have the pebbles gravel fraction almost completely
biolithic and almost completely old, rounded and eroded.

The shallow water coastal sand strip is narrower, about
one hundred meters on average, but more than 1km wide
and until 9m deep at the offshore of Ban Bang Sak and Ban
Bang Niang. These quartz sands are composed of medium
and coarse grained in the south, gradually become fine to
the north ending at the Khlong Phru Sai channel mouth.
Just a little further along the western side of Laem
Pakarang, sands suddenly become coarser, sometimes grav-
elly and consisted mainly of coral fragments.

Based on the sediments with prevailing or secondary
mud fraction with patches of different area, shape and ori-
gin are genetically arranged from north to south. At the
northernmost part, bigger patch in the middle of the Ban
Bang Sak Bay is characterized by sandy mud and gravelly
sandy mud that extended to the south and then gradually
become muddy sand and gravelly muddy sand. Further to
the south until Laem Hin Chang, there is a 10 km long and
4 km wide muddy strip, cut off on the eastern coastal side
offshore of Ban Bang Niang in two parts and with a granitic
rocky shoals longitudinal line in the middle. In the southern
one, offshore of Bang La On and to northwest of Laem Hin
Chang, there are two pure black mud patches (Fig. 2), cov-
ering sand and sandy gravel sediments. This superficial
mud layer is up to 20cm thick, anoxic, bad smelling and
sometime sticky. In the Ao Khlong Rian, south of Laem

Hin Chang , attached to the coast, there is a last sandy mud
and muddy sand small patch.

At Laem Pakarang, on the tidal reef flat and along the
reef slope until the base, there are hundreds of reef blocks,
several tons weight, and uprooted big coral colonies moved
by tsunami waves [7, 20] (Fig. 4c, d). The blocks are locat-
ed in the middle and in the proximal tidal flat area; some
scattered mega-blocks lie very close to the coastline. Others
several tons granite blocks were moved by tsunami till 150
m inland, at Poseidon Resort [3] (Fig. 5).

On the Pakarang northern side, at Ao Po, 1km long and
200 metres about large strip of Holocene beachrock occurs
(Fig. 2, 6).

Discussion of Results
Sediment Source and Transportation

Sediments patterns along the coast of Khao Lak area are
influenced from oceanographic factors (currents, waves,
tsunami waves), climatic conditions (rain, storms, monsoon
winds, post-Wurmian sea level rise), geologic setting (bot-
tom lithology, earthquakes), coastal and submerged mor-
phology (beach slope, bottom gradient, submerged chan-
nels, passes), fluvial flow and regime, sedimentary load.

The fine size terrigenous sediments carried to the sea by
few small rivers and tidal channels is very poor. The off-
shore sediment source is mainly organogenic source, con-
taining mainly of corals followed by molluscs, bryozoans,
forams, and others skeletons.

The outer deeper strip sands are not consistent with the
present local river load, the coastal morphology and the lit-
toral transport to the North stopped by the bay caps with deep
rocky cliffs. The quartz composition, the particles size and
roundness, the brown colour and the old look of the abrad-
ed, fragmented and bioeroded shells and corals point to the
deposition of these sediments as residual littoral or beach
sands during the post Wurmian Holocene sea level rise.

Along the coastal marine bottoms of Phang Nga
province, the local and northern rivers and tidal channels
are likely the natural source of mud, but sediment loading
is increased by land and offshore tin mining started the
activity in the ’70 [21] and before [22]. The Andaman
marine current is generally controlled by the tropical mon-
soonal regime and by coastal morphology, flows to the
south and south-west (Fig. 3B) from June to February [23,
24] causing the loading of mud from the coast. Most part of
the suspension river mud and the re-suspension by waves
and storms during the southwest monsoon season should be
dispersed far away at the Andaman continental shelf.
Nevertheless, a large amount of mud, after trespassing the
rocky shoals line through the numerous submerged chan-
nels is trapped just after in a relatively quiet zone off bound-
ed by the open sea Andaman current (Fig. 3B).

At the north of Laem Pakarang, the greater mud quanti-
ty is probably coming from the northern Khlong Pak Ko
that is trapped inside the bay between Laem Hua Krang Noi
and Laem Pakarang.
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Fig. 4. Laem Pakarang tidal reef flat after the tsunami impact. a) Microatolls and surge channels at the reef tidal flat at December 2006.
b) Coral sand and rubble covering the tidal flat at January 2005. ¢) Mega-block with a tidal notch moved by tsunami from the tidal flat
edge at February 2006. d) Porites colony conical block uprooted and moved by tsunami to the tidal flat at February 2006. ) Erosion
surface of Holocene tidal flat covered with a patched thin rubble film at March 2008. f) Holocene bioerosion on tidal flat surface; some
perforations still contain the lithophagous mollusc bivalve shells.

e - . .- . Sl
Fig. 6. Beachrock slabs moved by tsunami at Ao Po, northern
Alignment of granite blocks moved by tsunami up to 150 m far side of Laem Pakarang. The slabs are largely exposed during
inland. low tide. March 2008.

Fig. 5. Poseidon Resort at Khao Lak at February 2006.
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The mud trapped inside the Ban Bang Niang bay comes
mainly from the short canals nearby. The rocky bottoms mor-
phology and the current through the submerged channel off
the coast of Ban Thung Wa Nok are likely decisive factors of
the two areas of muddy sediment distribution. South of
Laem Hin Chang, the mud comes mainly from the Khlong
Khao Lak and the Khlong Kao, but, probably and partially
transports from the southern Khlong Thung Maphrao.

Fig. 7. Vortex formed at sea, northwest of Laem Hin Chang, by
26 December 2004 tsunami. Picture from eyewitness personal
video, at approximately 10:26 a.m.

The two unusual black anoxic pure mud patches at the
northwest of Laem Hin Chang (Fig. 3B) are supposed to be
temporary. The origin of these shallow water open sea face
exceptional mud accumulation is by long time persistent
two big vortexes by the 26 December 2004 tsunami (Fig. 7)
and by the relevant suspension.

A large amount of marine sand with a low percentage of
pebbles, shells and forams was eroded by the tsunami
waves from the coastal bottoms, not deeper than 5-6 m, and
from the beach,and then quickly deposited on the land with
generally 2 layers 0-30cm in thickness [4]. A large amount
of white coral sand and rubble, however, was deposited on
Pakarang tidal flat (Fig. 4b) and on the Ao Po bay after
destroying and pass over the cape. These coral sands and
the rubbles were later moved and pushed back to the coast
by the return flow; along the coast,and then possibly moved
to the north by the littoral drift. Now the Pakarang tidal reef
flat, nearly free of sand and coral rubble, shows many areas
of the former erosional surface riddled with endobiont
organism perforations (Fig. 4e, f). Moreover, around
Pakarang 4 evolving sand-rubble bars are presently formed.
The larger and longer bar is formed by the northern moved

Fig. 8. Two coral sand-rubble bars along the southern side of Laem Pakarang, at low tide. The smaller one (a), not in the map, is locat-

ed 300 m southeast of the bigger one (b).

Fig. 9.a-b. Very fragile Acroporidae living coral colonies along the Laem Ao Kham western slope (- 5 m) not damaged by 26 December
2004 tsunami.
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sediments by the littoral drift, in the same place were there
was the Pakarang terminal stretch swept away by tsunami.
The others three bars are likely formed by the present wave
refractions (Fig. 8).

The hundreds of blocks on the Pakarang tidal flat were
definitely moved by tsunami wave, not only proved by
eyewitness but particularly by the nature, the position and
the biogenic encrustations. All the blocks are made up of
coral reef fragments with irregular globular, pyramidal and
conical shape (Fig. 4d), with as far as three meters major
axis, and up to more than 40 tons calculated weight [7]).
The base of the pyramid or cone shaped blocks are flat,
waves eroded and sifted with bivalves and other
Lithophagous perforations. Three irregular globular large-
sized blocks have the upper side with a very smooth and not
encrusted tidal notch (Fig. 4c). They are hundred meters far
away from the reef edge and lie on one tilted side and on
the bottom floor incompatible with the present tidal levels.

The block distribution on the tidal flat contains many
small blocks and very rare of large blocks in the Pakarang
tidal flat southern area, south of the west point bar and the
large blocks are the majority in the central area up to the
cape. There are no blocks at the outer area near the tidal flat
edge, but instead, the larger amount of blocks occurs in the
middle and proximal area with some scattered megablocks
near the coastline. Some scattered blocks lie also in the
northeast side of the newly formed spit of Pakarang.

Furthermore, the organogenic crusts observed on some
block surfaces during a survey in the year 2006 were rela-
tively well preserved and clear, even if they were observed
after more than one year from the tsunami event. They are
constituted by encrusting invertebrates i.e. corals, bivalves,
gastropods, polychaete serpulids, bryozoans and also by
calcareous algae. As a whole, the ecological meaning of
such association is not compatible with the present position
(within the tidal flat) of the encrusted blocks, since all
species are typical of infralittoral hard-bottoms, which are
regularly submerged or only exceptionally interested by
emersion episodes. Further, the distribution pattern of
encrusting organisms is not compatible with the present
laying of the block above the sea floor. In fact, they are
clearly tilted from the sub-horizontal distribution of settle-
ment.

We believe that this distribution pattern was caused not
only by the tsunami wave speed, energy and height increase
due to the coastal morphology, but also because the reef edge
blocks uprooting and their distal deposition was made only
by the first big tsunami wave. A similar mechanism which,
during the storm weather on the beach, involves the biggest
cobbles and boulders deposited more inland in the backshore.

Indeed, the second and the third tsunami wave trains,
during their moving forward inland, would presumably
encounter a certain resistance, due to the backwash respec-
tively of the preceding first and second waves in turn. In
addition, they would be fairly transported owing to the gen-
eral turbulence produced during the tsunami event. A mech-
anism like this substantially reduced wave energy and
potential transport toward inland of the wave events fol-
lowing the first one.

Relationship between Run-Up
and Coastal Morphology

In the Khao Lak area, the good relationship between the
observed run-up height with submerged bathymetry, geo-
morphology and slope inclination of coastal area is clear.
Run-up height values from 4 to 21m was observed in the
studied area. [10, 13] The maximum run-up value was
observed at Ban Bang Sak bay where there is the gentlest
sloped inclination (0.20%), and the minimum one was
detected at the Laem Ao Kham peninsula cliff where the
slope inclination is 1.23% (Fig. 3). At the Ao Kham cliff
vertical wall, the vegetation growing higher than 4 m above
the sea level have not been impacted. No moved blocks and
no broken corals was observed during the diving visual sur-
vey on bottoms deeper than 4m. On the reef tidal flat, any
signatures of tsunami impact were also recognized. The
surface was covered by a very thin and patched film of
coral rubble and only one small block with 70cm major axis
was found.

At the cut end cape of Laem Pakarang, run-up 16m
height was observed. The run-up was 6-7m just north and
south of the cape. The surrounding bottom morphology and
lithology can explain the strong values difference in nearest
and neighbouring coastal areas. When the tsunami front
wave coming from the east reached the reef shoal offshore
of Pakarang, a first refraction around it possibly formed two
wave fronts. These two fronts went ahead to the Pakarang
tidal reef edge reaching to two small coves just west at
where the cape ended. Here a second refraction happened,
causing the further wave to rise up. The load of sand and
blocks occurred after the wave run about 500m and then
swept away the former Laem Pakarang spit point.

At the northern side of Pakarang, the run-up was lower
(6m) because after the refraction around the northern side
reef tidal flat, going to SE the new front wave collided with
the spit overwash coming from the west. At the southern
side of Pakarang, instead after the refraction around the
southern side reef tidal flat, the wave interfered with anoth-
er one that was refracted by the southernmost shoal.

The submerged morphology and the various refraction
of the wave can also explain well the wave enhanced ener-
gy, the blocks uprooting, the movement and the settlement
on the Pakarang tidal flat.

The run-up height values from Pakarang to Ao Khlong
Rian were between 8-10m, because the area exhibited at
almost the same slope inclination of 0.30% in average.
Moreover, the front wave was likely fragmented and
refracted many times, leading to the speed and the energy
wave reduced almost unvaryingly by the submerged long
line of granite shoals.

Conclusions

As we can infer from eyewitness account and from the
sediment distribution map of the study area, the erosion
occurred at tsunami wave base at depth 5-6m, where the mor-
phology dipping of bottom topography was lesser than 0.5%.
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This situation caused, moreover, the beaches, the small
canals and tide channel mouths to be strongly eroded. The
Pakarang terminal stretch was swept away and a large
amount of reef blocks, coral rubble and sand on the tidal flat
was poured.

During the diving surveys, excepting the collapsed
coral blocks along the Pakarang reef slope, no morphology,
erosion sign or tilted blocks on the bottom floor were clear-
ly seen. At Laem Ao Kham reef slope, the horned living
coral colonies did not damaged from 4m depth down slope
(Fig. 9). At the Pakarang coral rubble rich on horned coral
fragments likely came from the Holocene former reef.
However, at present, only incrusting coral colonies live
along the reef slope.

After two years from the tsunami event, the Khao Lak
beaches are almost fully recovered by natural processes and
the equilibrium profile also returned almost to a normal sit-
uation as recorded before tsunami event. The post-tsunami
beach sediment comes mainly from the offshore bottom
sediments. Only the widened cut banks along the tidal
channels in land may need several decades to return [18].
Around Pakarang area, new sand-rubble bars are forming
and a new spit is growing at place where the former spit
located by the north long shore drift.

Our new detailed coastal bathymetry and morphology
map is of significant to better understanding of two tsuna-
mi parameters i.c. 1) the energy wave enhanced and 2) run-
up. Our results also help to explain the behaviour of tsuna-
mi run-up in relation to the change of bathymetry along the
Khao Lak coastline. As these two tsunami wave parameters
are the most important key to evaluate the coastal impact,
we suggest that a new detailed bathymetry and morpholo-
gy mapping survey all along the Thai Andaman coastal
strip is necessary to build a more realistic coastal hazard
map for the mitigation of future tsunami event.
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