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Tsunamis are high energy events capable of transporting extremely heavy loads including boulders. We
compare boulder deposits created by two modern tsunami events, the 2004 Indian Ocean and the 2009 South
Pacific tsunamis, where the boulder sources were in similar topographic settings, and for which we have
accurate data on the wave characteristics. Boulder distribution, preferential orientation and numerical
simulation of boulder transport are discussed. A comparison between the impacts of the South Pacific and
Indian Ocean tsunamis shows similar characteristics, such as limited landward extent and the absence of
landward fining. Differences between the results from modelling and field data are most probably caused by
variables such as coastal plain roughness (buildings, trees), microtopography, particle shape, and boulder
collision during transport that are summarised as coefficients in the mathematical models. Characterising
modern events through coarse sediment deposits provides valuable information to help identify and interpret
palaeo-tsunami imprints on coastal landscapes.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Coastal boulders of marine origin in unglaciated environments
represent an unusual sediment class because their transport is re-
stricted to high-energy events such as cyclones (Morton et al., 2006;
Richmond and Morton, 2007; Terry, 2007), extra-tropical storms
(Hansom and Hall, 2009; Etienne and Paris, 2010), swells induced by
low pressure systems (Laboute, 1985; Smith et al., 2010), or tsunamis
(e.g. Dawson, 1994; Paris et al., 2009). They are typically found in six
different morphological situations and sedimentary assemblages:
mega-blocks on coastal platforms (e.g. Bourrouilh-Le Jan and Talandier,
1985; Hearty, 1997; Noormets et al., 2002; Kelletat et al., 2004;
Scheffers, 2005; Frohlich et al., 2009); boulder beaches (Oak, 1984;
McKenna, 1990; Etienne and Paris, 2010; Richmond et al., in press);
cliff-top boulders (e.g. Williams and Hall, 2004; de Lange et al., 2006;
Goff et al., 2006a; Hall et al., 2006; Hall et al., 2008; Suanez et al., 2009;
Etienne and Paris, 2010; Richmond et al., in press); fields of scattered
boulders and boulder clusters (e.g. Shi et al., 1995; Mastronuzzi and
Sansò, 2000, 2004; Whelan and Kelletat, 2005; Goff et al., 2006b;
Scicchitano et al., 2007; Scheffers and Scheffers, 2007; Goto et al.,
2010a; Richmond et al., in press); boulder ridges and ramparts (Nott,
1997; Scheffers, 2004; Morton et al., 2008; Etienne and Paris, 2010);
and conglomerates with marine bioclasts, attached to slopes (e.g.
Moore and Moore, 1984; Shiki and Yamazaki, 1996; Felton, 2002;
McMurtry et al., 2004; Pérez Torrado et al., 2006).

The use of coastal boulder accumulations for identifying past high-
energy events has been extensively debated over the last decade, and
their interpretation remains controversial (e.g. Scheffers et al., 2009;
2010; Goff et al., 2010a; Hall et al., 2010; Switzer and Burston, 2010).
The presence of large boulders inland from rocky coasts could be a
useful indicator for understanding the extent of the impact of past
marinefloods (Pignatelli et al., 2009), but identifying the specific cause
of themarine flood (e.g. storm vs tsunami) remains debateable, unless
convincing comparisonswithmodern analogues in the same or similar
setting can be made. Studies of modern tsunami deposits can, at least
qualitatively, relate the characteristics of tsunamis to their deposits
(Jaffe and Gelfenbaum, 2007). Therefore, modern event investigations
canprovide benchmarks for numericalmodels,which in turn enable us
to evaluate the likelihood of different emplacement mechanisms for
palaeo-deposits of unknown origin. Studies of modern tsunamis prior
to 2004 mainly focused on fine sediments deposited inland (e.g. Sato

et al., 1995; Dawson et al., 1996;Minoura et al., 1997; Gelfenbaum and
Jaffe, 2003) and very few contributions described coarse-grained
deposits. While Shi et al. (1995) reported that hundreds of boulders
were deposited as far as 200 m inland by the 12 December 1992
tsunami in Flores (Indonesia), no quantitative data were provided.

The aim of this paper is to evaluate what can be learned from
boulders unequivocally deposited by two recent and well-documented
tsunamis, the 2004 Indian Ocean (2004 IOT) and the 2009 South Pacific
(2009 SPT) events. Three sites were investigated and documented:
(1) Lhok Nga Bay, 10 km west of Banda Aceh (northwestern Sumatra,
Indonesia), (2) Pakarang Cape near Khao Lak (western coast of
Thailand), and (3) Satitoa (eastern coast of Upolu, Independent State
of Samoa) (Figs. 1 and 2).

1.1. Tsunami background

The 2004 IOT was triggered by a Mw 9.15 earthquake at 0:58:53
GMT (Meltzner et al., 2006; Chlieh et al., 2007) that generated a 12 to
30 m slip on the plate interface (Ammon et al., 2005; Subarya et al.,
2006; Koshimura et al., 2008. This was one of the largest tsunamis in
recorded history, with 30 m high waves and runup locally reaching
51 m a.s.l. at Lhok Nga (Lavigne et al., 2009). Tsunami wave heights
ranged between 15 and 30 m along the NW Sumatran coast, up to
13 m in Thailand, 11 m in Sri Lanka and 7 m in Eastern India (Choi et al.,
2006). Flowvelocities of 3 to 13 ms−1were inferred fromvideo analysis
and eyewitness accounts in Sumatra (Fritz et al., 2006; Lavigne et al.,
2009). Both runup and backwash produced extensive erosion, sediment
transport and deposition up to 5 km inland in Sumatra (Paris et al.,
2007), 1.5 km in Thailand (Hori et al., 2007), and 0.5 km in India and Sri
Lanka (Bahlburg and Weiss, 2006; Morton et al., 2008). The erosional
imprints of the tsunami extended 500 m inland from the shoreline and
over 2 km up river channels in Sumatra (Umitsu et al., 2007; Paris et al.,
2009). Boulders moved by the 2004 IOT were studied in Sumatra by
Razzhigaeva et al. (2006) and Paris et al. (2009, 2010), and in Thailand
by Goto et al. (2007), Kelletat et al. (2007) and Feldens et al. (2009).

The 2009 SPT was generated by two near-simultaneous earth-
quakes at the northern end of the Tonga Trench (Beavan et al., 2010;
Lay et al., 2010), approximately 190 km south of Upolu (15,509°S,
172,034°W), Samoa (Lamarche et al., 2010). A MW 8.1 normal faulting
event on the outer trench-slope was followedwithinminutes by aMW

8.0 subduction interface thrust event (Beavan et al., 2010; Lay et al.

Fig. 1. Location map of key sites mentioned in the text (Samoa = Independent State of Samoa).
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2010). At the northern end of the Tonga Trench the Pacific Plate is
subducting beneath the Australian Plate at extremely fast rates of
up to 250 mm yr−1 but almost all of this convergence was previously
thought to occur aseismically (Bevis et al., 1995;Ruellan and Lagabrielle,
2005). The earthquake doublet of 29 September 2009 showed that at
least some plate convergence along this subduction margin is
accommodated by co-seismic slip. The 2009 SPT impacted in Samoa,
American Samoa, Tonga, Wallis and Futuna, and numerous locations in
the central south Pacific. In Samoa, the tsunami consisted of two to three
waves, with the second wave reported as the largest (Dominey-Howes
andThaman, 2009).Modellingof the tsunami suggests that arrival times
of the first wave after the earthquake should have been 10 to 12 min on
Upolu and Savaii Islands.Maximumflowdepths of around 8 moccurred
at Vaigalu and Vavau and 6.2 m at Satitoa (Fig. 2), while the maximum
runup of 14.3 m was measured at Vaigalu (Dominey-Howes and
Thaman, 2009). In the Wallis and Futuna archipelago the tsunami
reached 4.5 m asl and inundated up to 85 m inland (Lamarche et al.,
2010). Other effects are discussed in papers presented in this issue (e.g.
Clark et al., this issue; Richmond et al., 2011).

2. Where do tsunami boulders come from?

Identification of the source is an important issue in the study of
boulder deposits. The lithology, surface morphology, texture and
structure of boulders may provide evidence of their geographic origin
and physiographic setting before they were transported inland (i.e.
pre-transport environment: subaerial, submerged, or joint-bounded).
The pre-transport environment can be assessed using various en-
vironmental markers on boulders, such as the boulder shape. For
example, similarities between coral boulders and rocks found around
the spurs and grooves of reefs help identify the pre-transport
environment (e.g. Onda, 1999). Different forms of weathering are
also valuable environmental markers. For example, karstic pools on
limestone boulders suggest weathering in the mid-supralittoral zone
(Scicchitano et al., 2007), andmay also be used to assess exposure and
thus the time since deposition. Attempting to decipher both of these
markers requires detailed observations about the position of the
karstic pool, floral and faunal communities associated with it and
exposed fracture surfaces (Scicchitano et al., 2007). Biological encrus-
tations and characterisation of coral species can be used to identify the
littoral zone from which the boulders were entrained (e.g. Goff et al.,
2006b; Scicchitano et al., 2007). For example, in Thailand, Goto et al.
(2007) studied more than 1000 boulders left by the 2004 IOT on a
tidal flat west of Pakarang Cape (Khao Lak). All boulders came from
coral colonies only found at shallow depths of less than 5–10 m.Well-
preserved Balanus barnacle shells were found attached to the flat
surfaces of the boulders and thesewere used to determine the original
upper side of each boulder. Finally, boulder lithology, if unusual, can
often be associated with a particular area, thus identifying the source
location (e.g. beachrock in Paris et al., 2009).

These different pre-transport environments determine the energy
required to move the boulders. Nott (2003) distinguishes three boul-
der types from their potential pre-transport environment; subaerial,
submerged and megaclasts derived from joint bounded blocks on
shore platforms. Boulder transport requires large drag-and-lift forces
particularly if megaclasts are broken off from rocky platforms, terraces
or reefs. The withdrawal of the sea (trough) prior to the arrival of the
first wave (crest) of the 2004 IOT (according to eyewitness accounts
the seawithdrew ~1 km at LhokNga— Lavigne et al., 2009), caused air
to be trapped in the joints and fractures of the shore platform. Air is
then suddenly compressed as the positive wave arrives and, as the
wave subsequently recedes, the air expands with explosive force to
exert an outward stress on the bedrock (Sunamura, 1992). This
process of wedge action could generate sufficient force to detach
individual boulders from the shore platform.

The 2004 IOTmoved a large quantity of sediment and debris at sites
all along the western coast of Sumatra, both onshore and offshore
(Umitsu et al., 2007; Paris et al., 2009; 2010). Eyewitness accounts in
Sumatra recall waves already black with sediment before breaking
inland (Lavigne et al., 2009). The simulationof threshold shear velocities
estimated by Paris et al. (2010) confirmed that most of the sediment
deposited inland – from fine sands to coral boulders – probably came
from offshore. Paris et al. (2009) estimated that the volume of beach
eroded by the tsunami in Lhok Nga (ca. 0.15×106 m³ over 9.2 km of
coast) was less than 10% of the sediments deposited inland (ca. 1.5×
106 m³). Although the volume of sediments left inland by the tsunami
was mainly represented by extensive sheets of sand-size sediments,
coarse soil clasts, concrete and rocks were also deposited onshore.

Paris et al. (2009)measured 220 boulders in the LhokNga area,most
of them with long-axis lengths between 0.7 and 1.5 m and volumes
between 0.1 and 0.9 m³. Four boulder sources were identified (Fig. 3,
Table 1). The first was located south of the main river mouth, where
limestone boulders up to 7.7 tons were lifted from a seawall and
deposited up to 200 m inland (Figs. 3B and 4). The total number of
boulders transported fromthis sitewasprobably over1000, andallwere
found along a 250 m strip parallel to the coast between the seawall and
themain road. The second sourcewas southof LhokNgaHarbour,where
tabular megaslabs up to 85 tons were dislodged from the tidal flat,
overturned and deposited a few metres inland (Figs. 3C and 5). The
source area for the megaslabs is visible when the sea is calm and
indicates that these blocks were joint-bounded prior to the tsunami. In
Lampuuk and Lhok Nga, 80 coral boulders up to 11.4 tons from a third
source were deposited up to 900 m inland (Fig. 6). A side-scan sonar
survey in Lhok Nga Harbour revealed that all rocky outcrops up to 25 m
deep (old reefs, isolated knolls) were affected by the tsunami, but that
the contemporary fringing reefs in Lampuuk and Lhok Ngawere not the
main sources of the boulders (Paris et al., 2010). Beachrock near the
LhokNgaRivermouthacted asa fourth source andprovidedboulders up
to 600 kg that were deposited up to 335 m inland, most of them being
concentrated between 80 and 110 m from the shore.

Fig. 2. Location map of Samoa showing key sites mentioned in the text.
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The 2009 SPT also carried a large quantity of sediment and debris
and eyewitness accounts described the tsunami as black or dark
(Dominey-Howes and Thaman, 2009). Extensive sand sheets and
boulder deposits were laid down inland (see Richmond et al., 2011;
Jaffe et al., 2011). Boulders had different sources and lithology: basalt
from coastal engineering structures (Satitoa, Fig. 7), basaltic pieces
from volcanic cliffs (Savaii, Fig. 8) and individual coral colonies from
shallow lagoons and reef flats.

3. Spatial distribution of boulders

In tsunami deposits, boulder accumulations in whatever form
never appear to be transported great distances inland and are there-
fore normally in a close association with their source location. In
Sumatra, the mean transport distance of the 220 boulders mapped by
Paris et al. (2009) after the 2004 IOT was 178 m, with only 3%
transported more than 450 m from the shore (Fig. 9). In Lhok Nga, the
longshore extent of boulders dispersed from the seawall corre-
sponded to the length of the source wall, and any landward transport
was minor. Razzhigaeva et al. (2006) studied 2004 IOT deposits and
reported numerous coral boulders along the coasts of Simeulue Island,
noting in particular large overturned boulders 400 m from the shoreline
at Langi where tsunami runup reached 9 m. Goff et al. (2006b) reported
boulders up to 7.9 m a.s.l. and 14.8 m inland along the southern coast of
Sri Lanka. Conversely, at Pakarang Cape (Thailand) no boulders were
found on land, indicating that the hydraulic forces of the tsunami wave

Table 1
Boulder sources and main characteristics of deposits near Lhok Nga, Sumatra.

Source Lithology N boulders Max volume Max mass

Seawall Limestone boulders N1000 3.2 m3 7.7 t
Rocky platform Megaslabs N10 60 m3 85 t
Reefs Coral boulders N80 10.5 m3 11.4 t
Beachrock Beachrock boulders N15 1.4 m3 2.5 t

Fig. 3. Longitudinal profiles showing different pre-transport environments and spatial distribution of boulders deposited by the 2004 tsunami in Lhok Nga (northwest Sumatra).
Offshore boulders were identified by side-scan sonar survey (Paris et al., 2010). A) Lampuuk area. (1) coral boulders detached from old coral reefs at −25 m bsl, moved during
tsunami runup; (2) few of them being transported inland). The other boulders are reworked offshore by the powerful backwash and thus deposited as ridges on the landward face of
the old reefs. B) south of the Lhok Nga River, (3) hundreds of calcareous boulders up to 7.7 t were detached from a seawall and transported inland as far as 200 m (reworked by
backwash?). C) off South Lhok Nga, the distribution of boulders describes a large lobe (4) that was interpreted by Paris et al. (2010) as a density flow during the tsunami backwash. In
Labuhan area, mega-slabs of conglomerate (5) up to 85 t dislodged from the shore platform and deposited close to the shoreline in overturned position (joint bounded scenario).
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rapidly dissipated across the shore platform (Goto et al., 2007). All
boulders were found within the intertidal zone, and their deposition
along three arcuate lines has been attributed to long-lasting oscillatory
flows leading to clast grading (Goto et al., 2007).

In Satitoa, Samoa, riprap boulders were moved landward and
deposited less than 162 m from the revetment. This distance was not
measured shore normal, but conformed to the mean tsunami flow
direction deduced from flow indicators in the field. The mean transport
distance of the 162 boulders from the revetment was 81 m, with 5% of
the boulders transportedmore than 140 m from the shoreline (Fig. 10).
A concentration of boulders (49% of boulders) can be observed 80–
120 m from the seawall in the mean tsunami flow direction.

In Lhok Nga, Sumatra, side-scan sonar surveys revealed that the
amount of boulders transported from offshore and deposited on land
represented only 7% of the total number of boulders moved during the
2004 IOT (Paris et al., 2010). Almost 8000 objects were identified
offshore here of which 2894 pieces of anthropogenic debris, 1760
boulders, 286 tree trunks and 1119 fragments of undifferentiated small
debris were most probably moved by the tsunami. The spatial
distribution of the boulders is most likely controlled by submarine
morphology, such as fringing reefs and rocky platforms. Feldens et al.
(2009) also observed boulders in channels off Cape Pakarang (Thailand)
and suggested that they were transported by tsunami backwash.

4. Types of boulder accumulations

4.1. Mega-blocks on coastal platforms

The largest mega-block attributed to a tsunami is up to 15 m in
length, with a volume of 1500 m³ and aweight of 2000 tons (Frohlich et
al., 2009). Bourrouilh-Le Jan and Talandier (1985) have suggested that
mega-blocks up to 1000 m³ and about 1500–2000 t found in Rangiroa,
French Polynesia,might have a tsunami origin, but as the source event is
not clearly identified, they did not preclude a cyclonic origin (Talandier
and Bourrouilh-Le Jan, 1987). Hyvernaud (2009) has recently chal-
lenged the tsunami origin proposed by Talandier and Bourrouilh-Le Jan
(1987) by tracking satellite evidence of contemporaneous geomorphic
impacts on several atolls in the Tuamotu Archipelago. Preferential
boulder distribution around atolls and the relative alignment of impacts,
coupled with 14C dating could favour an 18th century cyclone event
dated to around 1715 AD±60 yr (Hyvernaud, 2009).

Fig. 4. Seawall impacted by the 2004 tsunami in Lhok Nga (northwest Sumatra), source of an 82,000 m² field of calcareous boulders up to 7.7 t.

Fig. 5. A) general view of mega-blocks deposited on land by the 2004 tsunami south of
Lhok Nga Harbour (northwest Sumatra, Tsunarisk project); B) the largest boulder of
85 t.
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At Inoda, on the Miyako-Yaeyama Islands, Japan, the 1771 Meiwa
tsunami transported limestoneboulders up to600 m3 asmuchas200 m
inland (Goto et al., 2010b). Tsunamis generated by the 1883 Krakatau
eruption moved many coral boulders along the coasts of the Sunda
Strait. The largest had an estimated weight of 450–500 t (Verbeek,
1886). Boulders deposited by the 2004 IOT in Sumatrawere not as large,
with a maximum weight of 85 t on the beach and 11.5 t at 750 m
distance from the reef, even though the mean nearshore wave heights
were greater than those in the Krakatau tsunami (20–30 m in Lhok Nga,
15 m in Anyer). This comparison confirms that the maximum boulder
weight carried by tsunami waves appears to be influenced by the pre-
transport setting at the boulder source and that size alone might not
accurately reflect the tsunami's flow characteristics.

4.2. Fields of scattered boulders and boulder clusters

Most of the accumulations from the 2004 IOT are represented by
fields of scattered boulders displaying local arrangements such as
imbricate clusters in south Lhok Nga (Paris et al., 2009) and boulder
trains along preferential lines of deposition in Pakarang Cape (Goto
et al., 2007). Many similar enigmatic boulder fields previously
described over the world have also been attributed to tsunamis (e.g.
Mastronuzzi and Sansò, 2000, 2004; Whelan and Kelletat, 2005;
Scheffers and Scheffers, 2007; Scicchitano et al., 2007; Maouche et al.,
2009). Nevertheless, it is often difficult to exclude a storm or cyclone
origin because these types of boulder accumulations are also common
on rocky coasts not affected by tsunamis (e.g. Suanez et al., 2009).
Goto et al. (2010a) studied boulder distributions in two groups of
Japanese islands, one being affected by storms and tsunamis, the other
by storms only. This comparative approach provides valuable data for
determining the sedimentary features of tsunami boulder fields and
the characteristics of storm wave boulders.

4.3. Boulder beaches, ridges and ramparts

As far as we know, the 2004 IOT and 2009 SPT did not form boulder
beaches. This type of accumulation is found exclusively in the high-
energy environments of rocky coasts dominated by storm conditions

(e.g. Northern Ireland: McKenna, 1990; Iceland: Etienne, 2007;
Etienne and Paris, 2010) or affected by swells generated by low
pressure systems (e.g. Smith et al., 2010). A fundamental distinction
between storms and tsunamis could be the ability of storms to form
boulder ridges and boulder beaches. Indeed, the organisation of coarse
clasts into ridges requires repeated reworking by many waves rather
than only the impact of a few waves, as occurs during a tsunami
(Williams and Hall, 2004). There are no published accounts of extensive
boulder ridge formationbya tsunami in any case studies of recent events.
Along the western coast of Sumatra, cobble-to-pebble ridges were
deposited on rocky coasts and behind fringing reefs during the weeks
and months that followed the 2004 IOT, thus contributing to beach
recovery, but they were not observed three weeks after the tsunami
(Paris et al., 2009). In Pulau Pangan Island (Simeulue), Razzhigaeva et al.
(2006) observed a small rampart up to 1.4 m high composed of coral
fragments near the shoreline and concluded that it was formed at the
final stage of the tsunami during frequent low-amplitude sea level
fluctuations.Distinguishingbetween the twodifferent processes appears
to be subtle, but not insurmountable (Goff et al., 2010b).

The extensive cobble-to-boulder ridges and ramparts described by
Scheffers (2004) in the Leeward Netherlands Antilles are the only
ridge-like features attributed to tsunamis so far studied.More recently
however, Spiske et al. (2008) did accurate calculations of the porosity
of the boulder clasts from the ridges and found them to be up to 5.6
times lighter than reported in previously publisheddata, thus resulting
in lowerminimumwave heights required for their transport. Based on
revised transport calculations combined with the boulder ridges
occurring predominantly along the windward coasts and the high
frequency of tropical storms and hurricanes in the region, Spiske et al.
(2008) stated that a hurricane origin was more likely for the ridges.

4.4. Cliff-top boulders

Cliff-top deposits up to cobble-boulder in size have been reported
from numerous locations but especially in the North Atlantic
(Williams and Hall, 2004; Hall et al., 2006; Suanez et al., 2009;
Etienne and Paris, 2010) and Hawaii (Goff et al., 2006b; Richmond
et al., in press). Unfortunately, little information is available for coastal

Fig. 6. Coral boulders deposited by the 2004 tsunami in Lhok Nga (northwest Sumatra), (A) at the nearshore, and (B) 480 m inland (750 m from the reef), 11.5 t boulder.
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cliffs impacted by the 2004 IOT and 2009 SPT. In Savaii, Samoa, only
small boulders uprooted from the basaltic cliff edge are indisputably
of tsunami origin (Fig. 8).

4.5. Marine conglomerates

In the southern part of Lhok Nga Bay, Paris et al. (2010) interpreted
a lobe-like distribution of boulders as being the result of a subaqueous
sedimentary density flow (Mulder and Alexander, 2001) that formed
during 2004 IOT backwash. This density flowwas captured in a Spot-2
image acquired 3 h after the tsunami. The lobe-like distribution has a
higher density and larger boulders at the seaward edges. Such a
density flow in the southern part of the bay can be explained by
interactions between the tsunami wave and nearshore topography.
Where the tsunami inundation was hindered by steep slopes, debris
and sediments could not be deposited far inland, and were re-
transported offshore by the final backwash. The outflow remained
saturated in debris, and this dense sediment-water mixture may have
behaved in a similar fashion to a Bingham fluid dominated by shearing
and frictional debris interactions (Paris et al., 2010).

Deposits interpreted as density flows during tsunamis have been
described in the literature but were never observed prior to 2004.
Debris-flow conglomerates with shear carpet indicate very dense and

Fig. 7. Riprap revetment as a boulder source in Satitoa, Samoa. (A) aerial view of the demolished revetment the day after the tsunami (picture: NZAF, 30/09/09); (B) view of the
riprap revetment partially reconstructed (S. Etienne, 20/10/09).

Fig. 8. Boulders detached from the cliff-edge by tsunami waves. Savaii, Samoa. Picture:
S. Etienne, 21-10-2009. Dotted lines show fresh scars on the reef edge. White arrow
indicates rectangular boulder.
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highly sheared fluid conditions. Such flows possibly behaving with
Bingham characteristics have been described from Chile (Le Roux
et al., 2004; Le Roux and Vargas, 2005) and Japan (Shiki and Yamazaki,
1996). Debris flow deposits on the western coast of Gran Canaria
(Paris et al., 2004) and coarse breccias on the steep slopes of Stromboli
Island (Tanner and Calvari, 2004) have also been interpreted as the
result of tsunami backwash. Cantalamessa and Di Celma (2005)
described a boulder-bearing breccia in northern Chile and inferred
that it had been laid down by subaqueous density flow during
tsunami outflow. However, Bahlburg and Weiss (2006) have
contested this and interpret the breccia as a debris-flow deposit
connected to the formation of a graben rather than a tsunami. The
study of submarine tsunami deposits is still in its infancy and as
such researchers need to work diligently to develop their process
interpretations.

5. Transport distance vs boulder size and weight

Goto et al. (2010c) infer that there is no simple relationship
between tsunami magnitude and the weights and numbers of
boulders it transports. As the duration of a tsunami wave force acting
on the boulder is considerably longer than that of a storm wave, the
difference in transport distance of boulders by a storm or tsunami
might be a useful way to differentiate between them (Goto et al.,
2010b), but differences in wave energy attenuation have to be
considered too.

A rough estimation of the transport energy for boulder movement
is given by the “transport figure” (Scheffers and Kelletat, 2003), which
is simply the result of multiplying the boulder weight, distance from
the shoreline and height above sea level. Transport figures have been
proposed to decipher the origin of boulder deposits. The transport

Fig. 9. Map of boulders transported and deposited by the 2004 tsunami in Lhok Nga Bay, northwest Sumatra, (modified after Paris et al., 2009, 2010). Offshore boulders were
identified by side-scan sonar survey.
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figures for the 2004 IOT in Lhok Nga range from 8000 to 45,000 for the
boulders from the coral reef, less than 13,000 for megaclasts from the
shore platform and less than 10,000 for limestone boulders from the
seawall (Paris et al., 2009). Transport figures exceeding 70,000 and
even 1,000,000 were calculated for coastal boulders in the
Netherlands Antilles and in Australia (Scheffers and Kelletat, 2003).
For storm boulder deposits in Iceland, the transport figure is almost
always under 5000 (Etienne and Paris, 2010).

In Satitoa, nearly all boulders from the rock armour were
transported inland by the 2009 tsunami, meaning that the transport
capacity of the waves was higher than can be deduced from the
measured boulders themselves. No boulderwas greater than 1 m³, but
the maximum volume of transported boulders was limited by source
availability (i.e. the rock armour). In Pakarang Cape, Goto et al. (2007)
measured 467 boulders, with the largest being 14 m³ with a weight of

about 22.7 t. Kelletat et al. (2007) noted two granite boulders of 4 t
and 10 t moved by the 2004 tsunami at Khao Lak, coral boulders up to
10 t in Nai Harn Noi, and up to 40 t at Phi Phi Don tombolo. In Sumatra,
hundreds of boulders were moved offshore but not deposited
onshore. The largest coral boulders identified offshore measured
14.8×6.9 m, compared to 3.5×2.5×1.8 m onshore (11 t). 85 t slabs
south of Lhok Nga were overturned on the tidal flat and transported
only a few metres. Thresholds of transport capacity can be inferred
from the size and weight of these emerged boulders and Paris et al.
(2010) estimated the movable grain sizes based upon simulated
current velocities of the tsunami waves (e.g. Maeno and Imamura,
2007; Noda et al., 2007). In these cases, boulder mass is a more useful
tool for determining the threshold transport capacity since boulder
density ranges from 1 to 3 (a 1 m³ basaltic boulder having ap-
proximately the same mass as a 2.5 m³ coral boulder).

Fig. 10. Map of boulders transported and deposited by the 2009 tsunami in Satitoa, east Upolu, Samoa. Circle proportional to boulder volume (max: 1 m3). Red bar indicates A-axis
orientation, black arrows indicate mean flow direction and the black line signals boulder source.
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Nevertheless, there is no clear relationship at either Lhok Nga or
Pakarang Cape between the size and weight of the coral boulders and
their location inland (Paris et al., 2009, Goto et al., 2007). Only the
beachrock clasts in Lhok Nga displayed a landward fining trend
(Fig. 11). Interestingly, these beachrock clasts (density=1.79 gcm−3)
were transported almost the same distance as denser calcareous clasts
from the seawall (2.4 gcm−3). There is no landward fining of the
basaltic boulders detached from the seawall in Satitoa (Samoa) either.
In Lhok Nga, the weight of offshore boulders cannot be estimated, but
boulder-size trends along lateral and longitudinal transects were
tested by Paris et al. (2010). These authors found no clear boulder-size
gradient, except in the southern part of the Lhok Nga Bay, where a
subaqueous sedimentary density flow resulted in the seaward
coarsening of the boulders (see Section 4). Elsewhere, the backwash
influence on boulder distribution was difficult to determine. Numer-
ical modelling of the tsunami backwash however, suggests that flows
were powerful enough to rearrange the distribution of small-size
boulders both onshore and offshore (Loevenbruck et al., 2007).

The comparison between the impacts of the 2009 SPT and 2004 IOT
on two boulder rock armours shows similar characteristics, such as
limited extent of landward transport and the absence of landward
fining. The latter might be explained by inter-clast interaction/collision;
when a tsunami wave travels over a rocky platform it gradually
incorporates boulder-sized clastswhen available. In a rip-rap revetment
context, all boulders are available (i.e. not cemented or attached to the
ground), and can be mobilised over a short time span and distance, due
to thehomogeneity of boulder size, if theflowvelocity is high enough for
their entrainment. It is probable that all boulders start moving together,
which favours collision and interaction between them. The same
discrepancy of massive rock piece transport and deposition has been

observed in the Akita Prefecture of Japan where 4 t concrete tetrapods
(“boulders”with similar shapeandweight)werewashed inlandby1983
tsunamiwaves (see Fig. 1 inYeh, 1991). Conversely, stormwave boulder
fields show an exponentially fining landward feature (Goto et al., 2009;
Etienne and Paris, 2010; Goto et al., 2010b). This characteristic might be
explained by the attenuation of storm wave energy due to wave
breaking and bottom friction that limits the capacity of storm waves to
transport large clasts a great distance inland (Buckley et al., in press).

As boulders from riprap revetment (rock armour) have been
artificially shaped (i.e. for engineering purposes), the flatness index
(Fb=(A+B)/2 C, cf. Cailleux and Tricart, 1959) has no genetic
significance, but it can be used to estimate the interaction between
shape and transport. An Fb close to 1 means that the boulder is
rounded, ellipsoidal or cubic, while higher values mean that the
boulder is elongate (Table 2). There is however, no strong relationship
between transport distance and flatness index, neither from Sumatra
nor the Samoa boulders (Fig. 12). However, basaltic boulders that
were transported the farthest inland in Satitoa have Fb values under
2.2, whereas boulders with Fb value over 4 are found less than 80 m
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Table 2
Flatness index for Satitoa boulders.

Distance from the revetment
(m)

Mean flatness index

21–50 2.04
51–80 1.98
81–110 1.88
111–140 2.09
141–162 1.61
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from the source (Fig. 12B). We suggest that this index be tested by
other authors with their own data.

6. Are boulders indicative of flow direction?

In Pakarang Cape, the orientation of the long axes of boulders
were variable due to themicrotopography of the tidal flat, but an overall
N-S orientationperpendicular to theflowdirectionwasdominant (Goto
et al., 2007). Interestingly, these orientations were not realigned by the

monsoonal storms that followed the 2004 IOT. At Lhok Nga, the large
elongated boulders were also mostly imbricated with their long axis
perpendicular to the direction of tsunami flow. Imbricate clusters also
show similar trends in relation to the tsunami flow direction, thus
supporting the interpretation that the largest boulders deposited inland
were not reworked or removed by the backwash (Paris et al., 2009).

In Samoa, the A-axis orientation was recorded for 153 boulders
(Fig. 13). 49% lie in the N045-104 class, with a 10° sector modal class
at N057-066. The mean A-axis orientation (N073) is approximately
perpendicular to the mean measured flow direction (N353; Fig. 12)
and is within 45° of the shoreline orientation (~N035).

The distribution of the long and imbrication axes may help re-
construct the direction of a tsunamiwave train and distinguish different
flows (successive waves, backwash) although it should be noted that
subsequent storms may be able to modify the position of some large
boulders (Noormets et al., 2002; Felton and Crook, 2003). Clast-to-clast
interactions and microtopography may also influence the final dis-
position of boulders, especially in terms of tilting (inclination of C-axis),
but for Samoa and Sumatra most of the clasts were transported over
gentle slopes such as shore platforms and coastal plains, without sig-
nificant breaks in slope.

7. Transport modes

Boulders can be transported by sliding, rolling or saltation. In
experiments conducted by Imamura et al. (2008), boulders are mainly
seen to be transported by a bore through rolling or saltation rather
than sliding. Experimental studies have shown the transport mode
can vary with changes in the flow velocity, bottom friction, and shape
and weight of the boulder (Goto and Imamura, 2007).

Goto et al. (2007) argued that the boulders left by the 2004 IOT in
Pakarang Cape were transported by rolling or saltation rather than
sliding. Boulders observed onshore in LhokNgawere partially buried by
sandy tsunami deposits, without any ejecta or impact features. The
surface morphology and the structure of the largest Porites boulders
showed that theywere often in overturned positions (Paris et al., 2009).
Nevertheless, the coincidence of different size modes, from boulders to
fine sands suggests that all the material was not transported in
suspension, but that therewas a combinationof bed load and suspended
transport (Goff et al., 2006b;Paris et al., 2007, 2009).Nandasena et al. (in
press) recently introduced a method to estimate the range of current
velocity that satisfies the initial transport of a boulder in differentmodes
(sliding, rolling and saltation), thus predicting the possible initial
transport mode of a boulder with a given velocity. This method was
applied to boulders deposited on land by the 2004 IOT in Lhok Nga, and
it was inferred that beachrock boulders no larger than 2 m had been
transported both by rolling and saltation. All coral boulders can easily be
moved by the tsunami flow (assuming a density of 1.12) and
calculations suggest that the dominant transport mode is saltation.
Limestoneboulders from the seawall have higher densities (2.4 gcm−3)
than corals (~1.2 g cm−3) and thus require current velocities higher
than 3–4 ms−1 to be transported by sliding or rolling, and higher than
11–12 ms−1 for saltation. Velocities estimated by numerical and
mechanical models ranged between 3 and 8 ms−1 in this area (Paris
et al., 2010). Conglomerate boulders exhibited only two possiblemodes
in the histogram, as they were joint-bounded in their pre-transport
setting and lifted from their initial position. Following the model,
current velocities higher than 9–10 ms−1 are required to initiate their
transport, andfieldvelocities estimatedbyParis et al. (2010)were lower
than 13 ms−1. Thus, the model correctly predicts what occurred— that
these megaclasts could only be transported a few metres.

8. Are boulders indicative of flow velocity?

In the literature, boulder deposits have been used to infer min-
imum flow velocity and wave heights for past extreme wave events
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(e.g. Imamura et al., 2008). Flow velocity calculations are performed
by balancing the fluid forces or moments with either the resistance
force for sliding or the resistance moment for overturning. Paris et al.
(2010) calculate the minimum flow velocity, u for sliding as

u =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μmg
CdAnρw

� �s

where μ is the friction coefficient — following studies of boulders
transported on basalt (Noormets et al., 2004) and sand-covered
limestone platforms (Goto et al., 2007), the value μ=0.7 is used for
the boulders transported at LhokNga and Satitoa. It should be noted that
irregular micro-topography and other impediments to sliding would
increase this friction coefficient. Non-negligible topographic slopes
require the modification of the gravitational force term. m is the
submerged boulder mass (kg). m=V(ρp–ρw), where V (volume of the
boulder) is equal to A*B*C (respectively length, width and thickness of

the clast), ρp is the particle density calculated to be 2400 kg m−3 for the
limestone boulders at Lhok Nga (Paris et al., 2009) and 2545 kg m−3 for
the basalt boulders at Satitoa. An average boulder densitywas calculated
from basalt boulders at Satitoa using four representative samples,
whereby sampleswereweighedandfluiddisplacement used tomeasure
the sample volume. g is acceleration due to gravity (9.81 ms−²). Cd is the
drag coefficient, taken as 1.5. An is the cross-sectional area (m²) of the
boulder normal to the flow and is equal to A*C, with the A-axis
perpendicular to the flow and the C-axis vertical. ρw is the fluid density,
taken as 1025 kg m−3.

Balancing the resistance moment with the drag force moment and
solving forflowvelocity gives theminimumflowvelocity for overturning,

u =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lgmg

ld0:5CdAnρw

s

where lg is the resistance moment arm equal to 0.5*B-axis length and
ld is the drag force moment arm equal to 0.5*C-axis length.

Table 3 gives the estimated tsunami flow velocities based on the
characteristics of the largest boulders transported and deposited both
offshore and inland, compared with flow velocities estimated after
numerical modelling and eyewitness accounts. The range of distance
from the shore is given for all observed boulders. Fig. 14 shows
calculations of the minimum flow velocity for boulder transport at
Lhok Nga, Sumatra (Fig. 14A) and Satitoa, Samoa (Fig. 14B). Lift and
inertial forces on boulders are ignored in these calculations, but if they
are significant, thenminimum flow velocities will be lower. Minimum
flow velocities calculated from boulders are compared with estimates
from field measurements of flow depth for Froude numbers of 0.5, 1.0,
and 1.5. The Froude number, Fr is a non-dimensional number that
describes whether a flow is supercritical (N1), critical (=1), or
subcritical (b1). The Froude number is equal to:

Fr = U =
ffiffiffiffiffiffi
gh

p
whereU is the flow-speed, g is acceleration due to gravity and h is flow
depth. The value for the Froude number for tsunamis varies spatially
and temporally, but there is guidance on appropriate values to choose
(Jaffe et al., 2011). Fritz et al. (2006) calculated Froude numbers
ranging from 0.61 to 1.04 from Particle Image Velocimetry analysis of

Table 3
Tsunami flow velocities estimated after the characteristics of the largest boulders
transported and deposited both offshore and inland, compared with flow velocities
estimated after numerical modelling and eyewitness accounts. The range of distance
from the shore is given for all boulders observed. Note that the distance from the shore
indicated for offshore boulders is not representative of the tsunami inflow velocities
(modified after Paris et al., 2010).

Tsunami inflow velocity
(m/s)

Distance from
the shore
(m)

Boulder setting from numerical
modelling and
eyewitness accounts

from characteristics
of boulders

Coral boulders
deposited inland

3–12 N3.7 48–995

Beachrock boulders
deposited inland

3–9 N4.0 37–335

Calcareous boulders
from seawall

3–8 N3.9 5–270

Joint-bounded
megaclasts
from tidal flat

3–7 N6.2 b5

Coral boulders
identified offshore

8–13 N7.5 (up to 3000)
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video imagery taken approximately 3 km inland in Banda Aceh during
inundation by the 2004 IOT.Matsutomi et al. (2001) calculated Froude
numbers of 0.7 to 2.0 for six tsunamis using velocities estimated using
Bernoulli's principle applied to flow depths measured on the
upstream (front) and downstream (rear) walls of houses, while Yeh
(1991) calculated a Froude number of 1.43 for the leading edge of an
experimental tsunami bore. Jaffe et al. (2011) have flow velocity
estimates from inverse modelling (Huntington et al., 2007) using the
sandy tsunami deposit at Satitoa, while Weiss and Fritz (2010) used
small coral boulders on Savaii for their velocity estimates. Velocity
estimates for the two sandy layers deposited by the tsunami waves in
Satitoa are 3.8, 3.6, 3.7 m/s and 4.4, 4.4, 4.1 m/s at 100, 170, 240 m
inland, respectively. They are very site specific and there were no
direct measurements or video for Satitoa.

9. What can be learned from numerical models?

Lorang (2000) proposed equations predicting the threshold
entrainment mass for a boulder beach during storms. Nott (1997)
developed hydrodynamic equations to assess the pre-transport
environment of a coastal boulder moved by tsunamis or storm surges,
further specified for different initial positions of the boulders, such as
submerged, subaerial and joint-bounded (Nott, 2003). Nott's equa-
tions, including the effect of drag, lift, inertia and buoyant forces to the
boulder, were derived mainly by applying the moment of hydrody-
namic forces to the boulder to predict whether the boulder would be
overturned by the fluid impact. These equations have been used
widely in previous studies (e.g. Mastronuzzi and Sansò, 2004;
Scicchitano et al., 2007; Scheffers et al., 2008; Maouche et al., 2009).
The ability to recognise the magnitude of extreme events in terms of
hydraulic properties with this type of simple model using such
parameters as the current velocity or water depth, would be useful in
reconstructing pre-historic extreme events and preparing hazard
maps for future scenarios (Pignatelli et al., 2009). Noormets et al.
(2004) developed similar equations focusing on dislodgment, em-
placement and transport of a boulder by the fluid force. These equa-
tions included additional components, such as tensile strength and
crack forces based on the properties of rock and of friction between
the boulder surface and the bed on which it moved. Imamura et al.
(2008) on the other hand improved a practical model for boulder
transport by tsunamis initially developed by Noji et al. (1993), which
takes into account the various transport modes. They introduced an
empirical variable coefficient of friction by assuming that this
coefficient decreases with decrease in ground contact time when
the boulder is transported by rolling or saltation. In addition they
developed a two-dimensional numerical model which includes
depth-averaged governing equations for the continuity and momen-
tum of fluids plus the momentum equation for boulders (Imamura
et al., 2001). Goto et al. (2010c) used this model to simulate boulder
transport at Pakarang Cape, Thailand, during the 2004 IOT. However,
despite significant advances in numerical modelling over the last
decade the current numerical and empirical models available for the
analysis of boulders do not definitively allow the differentiation of
storm or tsunami transport based solely on the size of the boulders
and their position in the landscape (Switzer and Burston, 2010).

Nott's 2003 equations were recently revised by Nandasena et al. (in
press). The equation for the submerged boulder scenariowas revised by
rearranging the lift area of the lift force (Voropayev et al., 2001). The
subaerial boulder scenario was revised by both rearranging the lift area
and omitting the use of inertia force, and the joint-bounded scenario
was revised by balancing force components in lifting directions. Slope at
the pre-transport location is also taken in account by the revised
equations. The minimum current velocity required to initiate the
transport of submerged coral boulders from the revised equation is less
than the result from Nott's equations (e.g. reduction up to 56% for
submerged boulders, 65% for joint-bounded blocks). This difference is

attributed to the increment of lift area in the revised equation. The
minimum current velocity required to initiate the transport of subaerial
boulders also varied from the result of Nott's equation (e.g. 4–22%
less for boulders detached from the seawall in Lhok Nga). If we
consider a joint-bounded scenario (e.g. tabular megaslabs in Lhok
Nga), the minimum current velocity varies from −24% to +5% less
when compared with the results from Nott's equation. The changes
correspond to the increment in the lift force against the weight of the
boulder and vice versa in the revised equation. Results from these
revised equations are closer to velocities estimated by Paris et al. (2010).

In Samoa, numerical simulations show that the boulders are not
transported by the first tsunami wave when the A-axis N1.0 m. In the
numerical model, there is also no back-transport of boulders by
backwash, which could be explained by a bed level that is lower than
the coastal road and favours very slow return flow and water ponding
(Movie 1). According to field measurements, some boulders (A-axis
N1.0 m) were transported more than 100 m inland, however most of
the numerical results are far less than those measured in the field,
which is contrary to previous results in Lhok Nga (Nandasena et al., in
press). As the simulation assumes a tabular shape for the boulders,
boulder weight is greatly overestimated. This could explain why the
model underestimates the transport distances because the larger the
boulder weight, the higher the frictional resistance. Another reason
could be inter-clast collisions although this is thought to be minimal.
The model is one dimensional and simulates saltation and sliding but
not rolling, even though many of the boulders could have been
transported by rolling. The other reasons for the difference between
the numerical results and the field measurements could be micro-
topography (simplified in the model) and coastal plain roughness (i.e.
trees and buildings), not considered by the model.

10. Summary and conclusions

Coastal rip-rap revetments affected by an extreme wave offer the
opportunity to study boulder transport inland. A comparison between
the impacts of the 2009 SPT and 2004 IOT on two boulder rock
armours shows similar characteristics, such as limited extent of
landward transport and the absence of landward fining. The latter
might be explained by inter-clast interaction/collision as, when a
tsunami wave travels over a rocky platform it gradually incorporates
boulder-sized clasts when available.

In both Satitoa and Lhok Nga, boulder concentrations occur in an
areawhere the flow depth decreases abruptly. Flow velocity reduction
occurs as the tsunami waves move overland but can vary significantly
with changes in topography and increases in bed friction. Discrepan-
cies betweenmodelling and field data can therefore be related to how
coefficients used in mathematical models simplify changes in coastal
plain roughness (buildings, trees), microtopography, clast shape and
boulder collision during transport.

How can we decipher the tsunami or storm origin for a boulder
deposit?Differentiatingbetween the twoprocesses hasbeenachievedby
comparing the wave height required for boulder transport and the wave
climate of a particular area (Scicchitano et al., 2007). Following Nott's
2003equations,when thenormalwave climate, includingextremestorm
waves, is insufficient to generate theminimumwaveheightneeded, then
large boulder deposits can be attributed to emplacement by tsunamis.
Therefore these boulders are essentially tsunamigenic by default. This
first approach is only relevant if the boulder transport mode (i.e. Nott's
hydrodynamic equations) is correctly assessed.

Only large tsunamis have sufficient flow velocities to transport a
large number of boulders from 15 to 25 m water depth offshore. We
suggest that future studies coupling offshore–onshore mapping of
boulder accumulations with reconstruction of the morphological
history (sea-level variations, coastal sediment discharge and landform
evolution) may allow researchers to distinguish between palaeo-
storm and palaeo-tsunami deposits.
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Boulder deposits are often considered in isolation from other
evidence related to their emplacement. While a tsunami deposit is
source dependent, there is likely to be evidence for deposition of finer
fractions such as gravel, sand and silt. The use of a multi-proxy
approach to the study of palaeo-tsunami deposits offers the
researcher the opportunity to use other contextual information to
determine whether or not the sediments in question were deposited
by tsunami or storm. These proxy data are not only geological, but also
geomorphological, archaeological, anthropological and ecological (e.g.
Goff et al., 2010b,c, 2011).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
doi:10.1016/j.earscirev.2010.12.006.
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