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Abstract

The tsunami of 2004 in the Indian Ocean transported thousands of meters-long boulders shoreward at Pakarang Cape, Thailand. We
investigated size, position and long axis orientation of 467 boulders at the cape. Most of boulders found at the cape are well rounded,
ellipsoid in shape, without sharp broken edges. They were fragments of reef rocks and their sizes were estimated to be b 14m3 (22.7t).
The distribution pattern and orientation of long axis of boulders reflect the inundation pattern and behavior of the tsunami waves. It was
found that there is no clear evidence indicating monotonous fine/coarse shoreward trends of these boulders along each transect line. On
the other hand, the large boulders were deposited repeatedly along the three arcuate lines at the intertidal zone with a spacing of
approximately 136m interval. This distribution pattern may suggest that long-lasting oscillatory flows might have repositioned the
boulders and separated the big ones from small. No boulders were found on land, indicating that the hydraulic force of the tsunami wave
rapidly dissipated on reaching the land due to the higher bottom friction and the presence of a steep slope. We further conducted
numerical calculation of tsunami inundation at Pakarang Cape. According to the calculation, the sea receded and the major part of the
tidal bench (areawith boulders at present)was exposed above the sea surface before the arrival of the first tsunamiwave. The first tsunami
wave arrived at the cape from west to east at approximately 130min after the tsunami generation, and then inundated inlands. Our
calculation shows that tsunami wave was focused around the offshore by a small cove at the reef edge and spread afterwards in a fan-like
shape on the tidal bench. The critical wave velocities necessary tomove the largest and average-size boulders by sliding can be estimated
to be approximately 3.2 and 2.0m/s, respectively. The numerical result indicates that the maximum current velocity of the first tsunami
wavewas estimated to be from 8 to 15m/s between the reef edge and approximately 500m further offshore. This range is large enough for
moving even the largest boulder shoreward. These suggest that the tsunami waves that were directed eastward, struck the reef rocks and
coral colonies, originally located on the shallow sea bottom near the reef edge, and detached and transported the boulders shoreward.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Large tsunami waves can transport huge boulders as
well as sandy sediments. A typical example with historical
documents and geologic evidence is the hundreds of scat-
tered reef boulders along the shore of Ishigaki Island, Japan
(e.g., Kato and Kimura, 1983; Nakata and Kawana, 1993;
Imamura et al., 2001, in press). According to historical
documents, these boulders, called “tsunami-ishi (stone)” in
Japanese, are thought to have been transported as a result of
the 1771 Meiwa Yaeyama tsunami, which reached heights
of∼ 30m (e.g., Kato and Kimura, 1983). Another example
is the boulders transported by the tsunami associated with
the 1883 Krakatau volcanic eruption (Simkin and Fiske,
1983). Similarly, large boulders having their possible ori-
gins in historic or prehistoric tsunamis have been reported
worldwide (e. g., Nott, 2000; Mastronuzzi and Sansò,
2000; Noormets et al., 2002; Scheffers et al., 2005;Whelan
and Kelletat, 2005; Goff et al., 2006; Morton et al., 2006),
though it is still difficult to exclude the possibility of them
originating as a result of storms (e. g., Noormets et al.,
2002, 2004; Nott, 2004; Morton et al., 2006).

On 26 December 2004, one of the largest tsunamis on
record struck the coastal areas around the IndianOcean (the
2004 Indian Ocean tsunami). On Pakarang Cape, Thailand
(Fig. 1a,b), abundant meters-long boulders now scattered
along its western shore (Fig. 2b,d,e). No boulders were
observed from a satellite image prior to the tsunami even if
the tidal level is taken into account (Fig. 2a,c), and these
boulders were highly likely transported by the 2004 Indian
Fig. 1. (a) Location map of the studied area with tsunami source model (based
calculation. (b) Locationmap of the studied area. (c)Map showing topography/bat
means high-tide line.
Ocean tsunami as discussed below. Clarifying the origin of
boulders and how these boulders were transported would
be important to understand the inundation pattern, the
hydrodynamic force, and impact strength to the coast of the
tsunami wave currents, because the ability of a tsunami to
transport boulders is closely related to the hydraulic force of
the tsunami.However, there is no study that investigates the
distribution and significance of tsunami boulders just after
the tsunami event, and thus it is uncertain what kind of
information about tsunami can be obtained from the tsu-
nami boulders. In this context, boulders deposited at
Pakarang Cape would provide rare opportunity to study the
distribution and significance of tsunami boulders as well as
the tsunami inundation pattern and impact to the coastal
zone. Thus, we investigated the origin, distribution, and
transport process of boulders at Pakarang Cape based on
field observation together with numerical calculation.

2. Area description and methods

We conducted field investigations at Pakarang Cape,
13km north of Khao Lak, Thailand (Fig. 1b), from 26
March to 1 April 2005 and from 24 September to
1 October 2005. Although the boulders were also ob-
served in the northern, northeastern, and southern parts of
the cape, most of them were found on the western side of
the cape (Fig. 2e), where up to 600m offshore the sea floor
is a flat and shallow tidal bench composed of reef rocks
(Figs. 1c,d, 2a). Thus,we focused our survey to thewestern
side of the cape.
on Takashima et al., 2005). Solid squares show regions for the numerical
hymetry around PakarangCape. (d) Cross section of the studied area. H.T.L.



Fig. 2. Satellite images of the western side of the cape (a) before the tsunami (13 January 2003) and (b) after the tsunami (29 December 2004). Note
that the shoreline might have been changed after the tsunami due to the sedimentation of sands. The white dashed line in (b) indicates the seaward
limit of the flat, very shallow sea floor and is consistent approximately with the likely reef edge. White solid lines indicate transect lines. Close-up
satellite images of the cape (c) before and (d) after the tsunami. Boulders are observable after the tsunami, whereas they were absent in the earlier
image even if the tidal level is taken into account. These satellite images were provided by Space Imaging/CRISP-Singapore. (e) An oblique south-
facing aerial photograph of the cape showing the distribution of the boulders. Note that the landward limit of the boulders is around the high-tide line.
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We established twelve shore-normal transects (Fig. 2b;
transects 1 to 12 from north to south), approximately 50m
apart, extending from a 600-m-long line parallel to the high-
tide line to the reef edge.We then measured the dimensions
of boulders (totally 467 boulders) along each transect line.
We restrict our attention to those boulders having lengths of
at least 1m along the long axis. As described below, we
identify mainly two different shapes of boulders: circular
cone and ellipsoidal in shapes. Since volume is the basis for
describing size, we measured the diameter of the bottom



Fig. 3. (a) Reef rocks forming tidal bench around the reef edge. They are largely exposed above the sea level during low tide and were partially broken and
tilted. (b) A large boulder showing the typical circular cone in shapewith a flat top indicating it is upside down. The boulder is deposited on the tidal bench.
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circle and height for boulders that are circular cone in shape.
On the other hand, it was difficult tomeasure the heights for
some of the ellipsoidal shaped boulders, because they were
partially buried into the sand due to the tidal activity after
the tsunami. Thus, we selectively measured the heights of
ellipsoidal shaped boulders, which are still clear of the sand.
As described below, there is a positive correlation between
long axis and height of ellipsoidal shaped boulders. Using
this relationship, we estimated the height of partly buried
boulders and then calculated corresponding volumes. We
also measured the orientations of the long axes of boulders
along each line except for those boulders whose long and
short axes lengths are similar.

We re-investigated position and orientation of long axes
of boulders along transect 1 from 5 to 8 November, 2006 in
order to check whether boulders were moved again by the
high waves generated by an annual monsoon after our
former surveys. Moreover, we conducted underwater sur-
veys by scuba diving technique around Pakarang Cape to
investigate the condition of the shallow ocean bottom after
the tsunami.
To simulate tsunami propagation in the open sea, we
used a linear equation to describe a shallow-water wave on
the spherical earth (Goto et al., 1997), with allowancemade
for the Coriolis force, and to simulate tsunami propagation
in the coastal zone and the inundation area, we used a non-
linear equation in a Cartesian coordinate system for a
shallow-water wave (Goto et al., 1997), with allowance
made for bottom friction (Kotani et al., 1998). Governing
equations are described as follows:
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Fig. 4. (a) An typical ellipsoidal shaped boulder and (b) a circular cone shaped boulder. (c) A Balanus shell on the flat surface of the boulder in b.
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where η is a vertical displacement of water surface above
the still water surface,M and N are discharge fluxes in the
x- and y-direction, D is a total water depth (= h + η), and n
is aManning's roughness. The staggered leap-frogmethod,
a finite-difference method, is used to solve equations nu-
merically (Goto et al., 1997), and the condition of the bore
front and the Manning's roughness are based on Kotani
et al. (1998).We assumed a composite faultmodel proposed
by Takashima et al. (2005) as the source for the tsunami
(Fig. 1a). This model reproduces the tidal record measured
from satellite (Jason 1) at the Indian Ocean (Takashima
et al., 2005), well. The grid-cell size in the region of
Pakarang Cape is 17m and calculation time is 300min after
the generation of the tsunami (Yanagisawa et al., 2006).



Fig. 5. (a) Diagram showing the relationships between long and short axes, and long axis and height for the case of the ellipsoidal boulders.
(b) Diagram showing grain size distribution of boulders. (c) Grain number, maximum volume and average volume of boulders on each transects.
(d) Position and long axis directions of boulders along transect 1 on September 2005 and November 2006.
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3. Results

3.1. Field observations

More than 1000 boulders are distributed on thewestern
side of the cape, mainly from the high-tide line to the reef
edge and over a distance of about 1km from north to south
along the shore. No boulders are observed on land above
the high-tide line (Fig. 2e). The bottom of the sea from
the high-tide line to 200m offshore along each transect
is covered by sand- and gravel-sized coral fragments.
Between 200m and the reef edge, which lies 300 to 600m
Fig. 6. Grain size distribution of boulders along each transects. Horizontal d
divide boulders larger than 3.3 and 2.0 m3, respectively.
offshore, large reef rocks (micro-atolls) form a tidal
bench. Some of these micro-atolls were detached and
tilted (Fig. 3a). Calcareous algae and some livingBalanus
cover the top surfaces of these rocks. The tidal range at
Pakarang Cape is about 4m from the lowest tidal level,
and during low tide, the top surfaces of the reef rocks near
the reef edge emerge from water (Fig. 3a).

The boulders deposited on the tidal bench (Fig. 3b) are
fragments of reef rocks with accreted scleractinian coral
colonies consisting of Porites lutea, Galaxea astreata,
Favia sp., Coeloseris mayeri, Platygyra daedalea, and
Leptoria phrygia. These coral colonies are found at shallow
atum for these plots is indicated in Fig. 7. Black dotted and solid lines



Fig. 7. Map showing the distribution of boulders along each transect line with rose diagrams of the long axes of the boulders. Horizontal axis of rose
diagrams indicates the number of boulders, and arc intervals are 10°.
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depth, less than 5–10m (e.g., Erhardt and Knop, 2005).
Most of corals are not alive now and had probably died
before the 2004 Indian Ocean tsunami, since the seawater
around the cape, in general, is not conducive for the
growth of corals (Dept. Fishery, Thailand, 1999; Benzoni
et al., 2006). Boulders are well rounded, ellipsoid to
rectangular solid in shape, without sharp broken edges
(Fig. 4a). Approximately 4.5% of boulders have circular
cone in shape (Fig. 4b) and some of themwere apparently
upside down (Fig. 3b). Well-preserved tests of barnacles
of genus Balanus were found to be attached to the flat
surfaces of the circular-cone shaped boulders (Fig. 4c),
showing its original state and that of the sea level.

The boulders were porous, with densities ranging from
1.46 to 1.7g/cm3 (1.62g/cm3 in average). There are positive
correlations between long axis and short axis/height of the
ellipsoid shaped boulders (Fig. 5a). On the average, the
boulders were 1.3m3 in volume and weigh an estimated
2.1t (Fig. 5b and c). The largest boulder was 14m3 and had
a weight estimated to be about 22.7t. The volumes and
numbers of the boulders tend to decrease from transects 1 to
6 and increase from 6 to 12. (Fig. 5c). There was no clear
evidence indicating monotonous landward fine/coarse
trends of boulders along each transect line (Figs. 6, 7). It
is difficult to find systematic distribution pattern of large
boulders directly from the Figs. 6 and 7, because small
boulders, which were distributed elsewhere in the studied
area, hamper to find the distribution trend of large boulders.
We will discuss the distribution trend of large boulders in
the chapter 4.3. The orientations of the long axes of boul-
ders are variable due to local undulations, but overall they
show a dominant NS direction, except for transects 9, 11
and 12 (Fig. 7).

All boulders along transect 1 were at the same position
with same orientations of long axes between September
2005 and November 2006 (Fig. 5d). This indicates that
highwaves generated by the annualmonsoon did not have
energy enough to move boulders.
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According to our underwater surveys,meters-long boul-
ders of reef rocks were also scattered at 4 to 5m water
depth, and their concentration decreases toward the deeper
zone (∼ 10m). Boulders of reef rocks were overgrown by
green and red algae and living coralswere rarely observed.
We identified six coral species (P. lutea, G. astreata, Fa-
via sp., C. mayeri, P. daedalea, and L. phrygia) that were
found growing on the boulders at Pakarang Cape. More-
over, coral colonies consisting of Goniopora sp., Acro-
pora formosa, Favites abdita, and Cyphastrea sp. were
also observed on the surface of reef rocks shallower than
10m water depth. All of these corals are in small sizes
approximately 4–5cm in diameter, and this suggests that
those live corals recently recruited in the area.
Fig. 8. (a) Diagram showing measured (Siripong et al., 2005) and calculated
et al., 2005; Goto et al., in press) and calculated maximum tsunami wave he
heights were measured on trees at points A and B, and on houses at C, D, and E
(c) A satellite image taken after the tsunami around the cape (29 December
were provided by Space Imaging/CRISP-Singapore.
3.2. Numerical calculation

3.2.1. Validity of the numerical results
The tidal gauge closest to Pakarang Cape is Kuraburi

(Fig. 1b, Siripong et al., 2005), which is approximately
50kmnorth of the cape.As shown in Fig. 8a, our numerical
results reproduce well the wave height and period of the
tsunami waves at Kuraburi. The tsunami wave height
along the shore at Pakarang Cape was less than 9m
(Fig. 8b, Matsutomi et al., 2005; Goto et al., in press).
Tsunami wave heights at point A in Fig. 8b are extremely
large for comparison with other points. However, the
tsunami wave height was measured on trees at point A
(Matsutomi et al., 2005), and so might very well be due to
tidal records at Kuraburi. (b) Diagram showing measured (Matsutomi
ights at points A to E (see c for the corresponding locations). Tsunami
. Tidal level at the time of the tsunami is the vertical datum for this plot.
2004) with calculated maximum inundation area. The satellite images



Fig. 9. (a) Numerical result for wave current direction and sea level on the western side of the cape 130 min after the generation of the tsunami, just
before the first tsunami wave struck Pakarang Cape. Positive and negative values indicate the sea level above and below the tidal level at the arrival
time of the tsunami. Velocities and directions of the tsunami waves are shown by vectors. (b) Numerical result for the maximum tsunami current
velocity (m/s) around the cape.
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traces of splashes from these waves. On the other hand,
wave heights at points C to E were measured on the
houses, which could reflect the maximum inundation
depth, and thus are more reliable. We interpreted that our
numerical results closely model the wave heights around
the cape, because calculatedmaximumwave heights are in
good agreement with measured heights at points B to E,
although it is underestimated at point A. The inundation
area of the tsunami was estimated to be less than 2.5km
based on the landward limit of dead grasses as well as from
the reports of local residents. The area is also clearly
observed in the satellite image after the tsunami (Fig. 8c),
and the calculated inundation area agrees well with the
observed results (Yanagisawa et al., 2006).

In general, it is difficult to evaluate the validity of the
calculated velocity of tsunami currents, because few or no
observational data was available for the velocity. Never-
theless, Matsutomi et al. (2006) estimated the current
velocity to be 6 to 8m/s at severely damaged buildings
along the coast ofKhaoLak (Fig. 1b) based on differences
in the inundation depth between the front and rear of the
structures. Our numerical result gave a value of approxi-
mately 6m/s for the maximum current velocity at this site,
which is consistent with the estimation by Matsutomi
et al. (2006).

In this way, the calculated wave period, inundation
area, wave heights, and maximum velocity of the currents
around the cape were found to be consistent with the field
observations. Thus, we conclude that our numerical re-
sults are useful for understanding the transport process of
boulders at the cape.

3.2.2. Calculated inundation process of tsunami at
Pakarang Cape

According to our numerical calculations, the sea
receded and the major part of the tidal bench (area with
boulders at present) was exposed above the sea surface
before the arrival of the first tsunami wave (Fig. 9a). The
first tsunami wave arrived at the cape from west to east
at approximately 130min after the tsunami generation
(Fig. 10a), and then inundated inlands. When tsunami
waves reached the reef edge, the wave was focused
around the offshore (around transects 5 to 8) by a small
cove (Fig. 2a) based on our calculation.

The maximum current velocity of the first tsunami
wave was estimated to be from 8 to 15m/s between the



Fig. 10. Snapshots of computing current velocity patterns at (a) 130
(min), (b) 140 (min), (c) 150 (min), and (d) 160 (min) after the generation
of the tsunami waves.
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reef edge and approximately 500m further offshore, less
than 6m/s on the tidal bench, and less than 5m/s on land
(Fig. 9b). After the passage of the first tsunami wave
front, current velocity decreases over a timespan of
3min and becomes less than 3m/s between the reef edge
and approximately 500m further offshore, and less than
2m/s on the tidal bench and on land.

Currents due to the tsunami were concentrated on the
cape due to the refraction of the wave (Fig. 10b). The
first tsunami wave moving eastward reached only
approximately 1km inland from the shoreline at the
western part of the cape (Fig. 10b), although inundation
area can be estimated to be approximately 2.5km around
the studied area. According to our calculation, tsunami
waves reached inland deeper along the river at southern
part of the cape (Fig. 10b), where mangrove forests were
severely damaged (Yanagisawa et al., 2006). The initial
inundation along the river covered maximum inundation
area (Fig. 10c). This inundation pattern is reasonable,
because the river and mangrove forests are topograph-
ically lower elevation to the cape and thus the tsunami
waves would have concentrated along the river.

Before the arrival of the second wave, northward
currents were generated due to the reflection of the wave
from south (Fig. 10c). Then, the sea water flows back
westward as backwash (Fig. 10d). Current velocity of this
backwash at the shoreline is estimated to be less than 3m/
s. This velocity is not strong compared to that of the first
tsunami wave, because the topography of the area is very
flat (Fig. 1c and d). The behavior of subsequent waves
becomes complex due to the reflection from surrounding
area. Waves of height b 3m continuously arrived at the
cape for more than 300min after the generation of the
tsunami, and their maximum velocities were estimated to
be b 2 to 4.6m/s around the reef edge.

4. Discussion

4.1. Origin of the boulders

Satellite images showno signs of the boulders before the
2004 Indian Ocean tsunami even if the tidal level is taken
into account (Fig. 2a and c), whereas they were clearly
observed after the tsunami (Fig. 2b and d). The studied site
is not in an area affected by strong tropical cyclones (e. g.,
Neumann, 1993), and, in fact, no strong tropical cyclones
occurred between the time the pictures were taken and
the tsunami (e.g., Naval Maritime Forecast Center/Joint
Typhoon Warning Center, undated). Therefore, tropical
cyclones were not responsible for the deposition of the
boulders at the cape. These observations, together with the
eyewitness reports made by local residents indicate an
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absence of boulders before the tsunami, indicate that the
boulders were highly likely to have been transported as a
result of the 2004 Indian Ocean tsunami.

It can be hypothesized that the boulders had been pre-
viously deposited in their present positions and concealed
in sands, and that the tsunami eroded the matrix sands, thus
exposing the boulders. However, the boulders are distri-
buted on the tidal bench (Fig. 3b), the surface of which
corresponds approximately to the mean sea level. This
observation suggests that the boulders were not exhumed
from sand by the tsunami, but were transported from
offshore of the reef edge, and then deposited onto the tidal
bench.

Boulders along transect 1 have not changed their posi-
tion and orientations of long axes between September
2005 and November 2006 (Fig. 5d), although the boul-
ders have experienced a monsoon season between these
two surveys. This indicates that high waves generated by
the annual monsoon do not have energy enough to move
the boulders.

Reef rocks in front of the reef edge and on the shallow
sea bottom are similar in shapes and sizes to those of the
boulders. Moreover, corals distributed on the boulders of
reef rocks in the shallow sea region are the same species as
those on boulders deposited on the tidal bench. Reef rocks
could have been susceptible to being transported by the
tsunami, because they are isolated and not joined together
into a reef. In fact, reef rocks around the reef edge were
found to be broken and tilted, possibly due to the impact
from the tsunami (Fig. 3a).Moreover, Benzoni et al. (2006)
observed severe damage and displacement of coral colo-
nies in the offshore shallow sea region at depths lower than
12m in Pakarang Cape (Andaman Sea). Based on these
observations, we infer that reef rocks in front of the reef
edge and on the shallow sea bottom formed the boulders.

In Thailand, the sea receded before the arrival of the first
tsunami wave (Fig. 8a, Siripong et al., 2005). Thus, reef
rocks in the shallow sea would have been exposed above
the sea level, as is the case during a low tide (Fig. 3a), just
before the arrival of the first tsunami wave. This inter-
pretation is supported by the numerical calculations, which
shows that the sea receded and the sea level was lowered
before the arrival of the first tsunami wave (Fig. 9a).
Therefore, reef rocks in front of the reef edge and on the
shallow sea bottom could have experienced the strong
impact from the first tsunami wave. Thus, we infer that the
first, eastward-directed tsunami wave struck and severely
damaged the exposed-reef-rocks and coral colonies on the
shallow sea bottom offshore of the reef edge.

Most of boulders are well rounded, ellipsoid to
rectangular solid in shape, without sharp broken edges.
Absence of sharp broken edges probably suggests that
these boulders were originally lying on the seabed
(scattered or in clusters) in front of the reef edge already
before the tsunami. On the other hand, well-preserved
tests of barnacles of genus Balanus were found to be
attached to the flat surfaces of the circular-cone shaped
boulders and these boulders could have been originally
formed the tidal bench around the reef edge and were
broken by the tsunami impact.

4.2. Calculation of critical wave velocity necessary to
move the boulder

In this section, we discuss whether the calculated tsu-
nami current velocity exceeds the critical wave velocity
necessary to move the boulders. Boulders on the tidal
bench at Pakarang Cape are mainly ellipsoidal in shape
and they could have moved by rolling rather than sliding,
because the friction is lesser for rolling rather than sliding
once the boulders are in motion. However, in order to
evaluate the movement of boulders under the rigid as-
sumptions, here we assumed boulders as rectangular solid
shape and they start to move by sliding.

The critical wave velocity necessary to move the boul-
der by sliding can be estimated by using the following
equations (e. g., Noji et al., 1993). The hydraulic force F
acting on the boulder is represented as the sum of the drag
and inertia forces (O'Brien and Morison, 1952).

F ¼ 1
2
qfCDU

2
f Aþ CMqfV

:
U f ð1Þ

where ρf (= 1.0g/cm3) is the density of the seawater,
CD (= 2.0) and CM (= 1.67) are coefficients of drag and
mass (e. g., Noji et al., 1993),Uḟ is the current velocity at
the position of the boulder, A is the projected area of the
boulder against the current,V is the volume of the boulder,
andUḟ is the acceleration of the current.Uḟ is an uncertain
parameter, and thus an estimation of the inertia force is
usually difficult. However, although the inertia force is
effective at the impact of the wave front to the boulders,
it decreases suddenly and becomes negligible after the
passage of the wave front (e. g., Noji et al., 1993). Because
here we adopt the rigid assumption for moving the boul-
der, we can ignore the inertia force, which acts so as to
move the boulder more easily, for simplifying the calcula-
tion. The boulders will be displaced when the drag force
exceeds the maximum frictional force f at the bottom.

FNf ¼ lNð Þ ð2Þ

where μ (= 0.75) is the coefficient of static friction, and N
is the normal component. With the assumption of a
rectangular boulder with its direction of the long axis



833K. Goto et al. / Sedimentary Geology 202 (2007) 821–837
perpendicular to that of the current, the critical wave
velocities necessary to move the largest and average-size
boulders can be estimated to be approximately 3.2 and
2.0m/s, respectively. As stated above, this is a rigid
assumption, because inertia force will be effective during
the impact of the wave front to the boulders. Moreover,
boulders on the tidal bench at Pakarang Cape are mainly
ellipsoidal in shape and they could have beenmovedmore
easily by rolling than the velocity estimated above.

According to our numerical results, the maximum
current velocities of the tsunami between the reef edge
and approximately 500m offshore, which is the likely
source area for the boulders, were calculated to be 8 to
15m/s (Fig. 9b). This range is large enough formoving the
largest boulder shoreward even when we adopt above-
mentioned rigid assumptions. These results further sup-
port our interpretation that the boulders were transported
from offshore near the reef edge. Moreover, the current
velocities of subsequent waves at least until 300min after
the tsunami generation were estimated to be as low as b 2
to 4.6m/s and are still large enough to move most of the
boulders. Therefore, the boulders might have been
Fig. 11. Map showing distribution area of boulders larg
transported on the tidal bench due to the action of several
waves.Moreover, after their deposition on the tidal bench,
boulders could have been moved and repositioned by the
subsequent wave activities as discussed below.

4.3. Implication for the tsunami inundation pattern
from boulder distribution

The orientations of the long axes of boulders are
variable, because they are controlled by the local undu-
lations around the area in which they were deposited
(Fig. 7). However, the long axes of the boulders gen-
erally show aNS direction, except for transects 9, 11, and
12 (Fig. 7). The fact that the boulders are well rounded
and ellipsoidal, suggests they were transported by rolling
or saltation rather than sliding. Therefore, the long axis
orientation should have been perpendicular to the direc-
tion of tsunami wave current. The NS trend of long axis
orientation of most boulders probably indicates that the
direction of the tsunami wave was EW, almost perpen-
dicular to the shoreline. This observation is consistent
with our numerical result (Fig. 10).
er than 3.3 m3 with presumed current directions.



Fig. 12. (a) Grain size distribution of boulders along all transects. Horizontal datum for this plot is the shoreline along each transects. (b) Diagram
showing the maximum boulder size in the 3 m-grid cells (solid line) and 20 m-grid cells (dotted line). (c) Result of spectral analysis of boulders
(maximum boulders in 3 m-grid cells) by the FFT-method. Three point moving average data was used for this analysis, and linear trend was removed.
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There is no clear evidence indicating monotonous
fine/coarsening shoreward trends of the boulders along
each transect line (Fig. 6). It is difficult to find
systematic distribution pattern of large boulders directly
from the Figs. 6 and 7, because small boulders, which
were distributed elsewhere in the studied area, hamper
to find the distribution trend of large boulders. Fig. 11
shows the locations of all boulders larger than 3.3m3 (43
boulders). As is observed in this figure, these boulders
are periodically distributed and are mainly deposited
along three arcuate lines along the shoreline.

In order to show the periodicity more quantitatively,
we superimposed all transects in one plot (Fig. 12a). This
is a strict test, because this plot is expected to be random
even if only one transect has a different trend. Instead,
there are three peaks, which are formed by the boulders
more than 2m3, separated by an approximately 100–
150m interval (Fig. 12a). These peaks do not result from
the concentration of large boulders in some specific
transects, because large boulders that form these peaks
are present in each transect (Fig. 6). We further divided
the horizontal axis of this plot into 3m-grid and 20m-grid
cells, and traced the maximum boulder size in each grid
cell (Fig. 12b). In this figure, several periodic peaks of
large boulders are observable. We further conducted
spectral analysis using a fast Fourier transformation
(FFT) method with the data of maximum boulder size in
the 3m-grid cells in order to identify the period of the
peaks. As shown in Fig. 12c, there are strong peak at
136m, which corresponds to the interval of the three
arcuate lines (Figs. 11, 12a), together with some minor
peaks at 58, 37, and 23m.

The arcuate distribution of large boulders probably
suggests that the tsunami wave would have inundated
from around offshore of transects 5 to 8 and spread
afterwards in a fan-like shape on the tidal bench
(Fig. 11). This interpretation is plausible because a
small cove exists at the reef edge around transects 4 to 9
(Fig. 2a,b), and the tsunami current would have been
concentrated in this cove, and then would have spread
on the tidal bench.

One possible explanation for the periodic distribution
of large boulders with an approximately 136-m-
wavelength is that the boulders were transported by
three waves. However, boulders might have been
transported on the tidal bench by several waves;
boulders still have the potential to be repositioned by
the long-lasting subsequent waves. Therefore, the effect
of subsequent waves should be considered in the
interpretation of the distribution of the boulders. In
general, the tsunami waves convert to the oscillatory
flows along the coast and in the harbor. In fact,
megaripples probably reflecting oscillatory flows have
been reported on the ground surface in the small forests
between the high-tide line and the road at Pakarang
Cape (Fig. 1d, Goto et al., in press). When grain sizes
are coarse and have a wider range, grain size separation
occurs between the crests and troughs of the ripple due
to the difference in their mobility (e. g., Friedman et al.,
1992). In the same manner, it is possible to speculate
that long-lasting oscillatory flows might have occurred
between the reef edge and the shoreline, thus moving the
boulders repeatedly besides concentrating the bigger
ones.

The landward limit of the boulders at Pakarang Cape
approximately coincides with the high-tide line; and no
boulders were observed on land (Figs. 2e and 7). It can
be hypothesized that the boulders had been transported
once on land, and were repositioned by the westward
backwash afterwards. However, although the velocity of
backwash current is slightly higher than the critical
velocity necessary to move some small boulders, the
boulders probably could not have been moved long
distance as a result of this backwash because the current
was weak and short in duration due to the very flat
topography (Fig. 1d). Therefore, absence of boulders on
land probably suggests that the tsunami energy
decreased upon reaching the land at the cape. In fact,
the calculated current velocity of the tsunami suddenly
decreased below the critical velocity necessary to move
boulders when the wave reached dry land due to the
higher bottom friction and the presence of a steep slope
between the high-tide line and the road (Figs. 1d, 9b).
The velocity of movement of the boulders would be
slower than the velocity of tsunami currents. Hence, the
boulders should still be below the high-tide line when
the wave front reached land. Therefore, the sudden
decreasing of the current velocity upon reaching the
land could have resulted in stopping the boulders below
the high-tide line.

5. Summary

We conducted a field investigation of boulders
deposited by the 2004 Indian Ocean tsunami at
Pakarang Cape, Thailand. Thousands of the boulders
were found on the western side of the cape, mainly from
the high-tide line to the reef edge and over a distance of
about 1km from north to south along the shore. No
boulders were observed on land above the high-tide line,
indicating that the tsunami energy decreased upon
reaching the land. The boulders at the cape are
fragments of reef rocks and their sizes were found to
be b 14m3. Reef rocks in front of the reef edge and coral
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colonies distributed on the shallow sea bottom are the
likely source of these boulders. Reef rocks and coral
colonies on the shallow sea bottom would have been
exposed above the sea level just before the arrival of the
first tsunami wave, and they would have experienced the
strong impact of the first tsunami wave. There is no clear
evidence indicating monotonous landward fining and
coarsening of boulders along each transect line, but
large boulders tend to concentrate on the three arcuate
lines along the shoreline. Arcuate distribution of the
larger boulders suggests that the tsunami wave would
have caused inundation from around the cove and
spread over the tidal bench in a fan shape. Repetitions of
small and large boulders were observed at least thrice,
indicating long-lasting oscillatory flows which might
have repeatedly moved the boulders and separated the
large ones from the small ones.
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