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INTRODUCTION
In many coastal regions waves produced by 

tsunamis and cyclonic storms present a severe 
natural hazard, threatening life and property, 
especially as much of the world’s population 
lives near the sea. Although earthquakes are 
generally considered the primary tsunami trig-
ger, a growing, if controversial, line of evidence 
suggests that submarine slides may generate 
some of the largest tsunamis on Earth (Ward 
and Day, 2001; Tappin et al., 2001). Assessing 
potential tsunami hazard is diffi cult because tsu-
namis with wave heights in excess of 10 m are 
rare historically (Scheffers and Kelletat, 2003; 
Bryant, 2008). Along many coastlines erratic 
boulders or other deposits are the only direct 
evidence that large waves present a hazard (e.g., 
Nott and Bryant, 2003; Nott, 2004). For pre-
historic tsunami waves, computer modeling of 
potential sources often provides the best avail-
able information about their possible origins.

On the island of Tongatapu, southwest Pacifi c, 
there are seven huge erratic coral limestone boul-
ders that are on a 3-km-long arc on the western 
coastline near the village of Fahefa (Figs. 1–2; 
GSA Data Repository Table DR11). The Fahefa 
stones are the highest features locally; they could 
only have come from the shoreline, as there are 

no nearby cliffs or hills. Although a recent survey  
(Pearce, 2007) reported no historically docu-
mented tsunamis in Tonga with waves exceed-
ing 2.5 m, the size and locations of the Fahefa 
stones imply that such waves struck Tongatapu in 
prehistoric time. In this report we describe these 
boulders and use computer models to assess sce-
narios that could emplace them.

Tongatapu is ~35 km × 20 km and consists of 
~3-km-thick marine sediment deposits overlain 
by coral reef limestone. The most recent coral 
limestone includes rare Holocene deposits at 
a maximum elevation of 2 m above currently 
living corals, and a nearly continuous coastal 
deposit of last interglacial time, ca. 120–130 ka 
(Fig. 3), with a maximum elevation on west-
ern Tongatapu of 7 m above currently living 
corals  (Taylor and Bloom, 1977). The island is 

topographically nearly fl at, composed of Qua-
ternary coral reef limestone overlain by thick 
soils formed on 1.5–5.0-m-thick tephra depos-
its origi nating from explosive volcanic erup-
tions along the Tofua volcanic arc (Dickinson 
and Burley, 2007), a north-south volcanic line 
~30 km west of Tongatapu.

FIELD OBSERVATIONS
In November 2007 we visited Tongatapu and 

located the boulders using descriptions provided 
by Morton (2003). All seven stones are in fi elds 
covered mostly with tall grass; the soils nearby 
usually do not support forest, and digging near the 
largest boulder revealed anomalously thin soils 
(<0.5 m) compared to soils nearby on Tongatapu . 
The largest boulder (Fig. 2) has dimensions of 
15 m × 11 m × 9 m, and is 130 m from the present  
shoreline with its base 9.4 m above mean high 
tide level (see Table DR1 for distances and eleva-
tions of the other boulders). None of the stones 
is in place, but all contain well-preserved corals. 
Living corals grow with a distinctly upright ori-
entation, and inspection indicated that the large 
majority of corals in each boulder had similar 
orientations; two of the boulders are overturned; 
one is upright but clearly tilted. The largest stone 
is approximately upright but clearly not attached 
at its base as it sits on hard rock and one can see 
completely beneath it.

We measured heights and circumferences of 
all the stones. Their heights ranged from 2.5 m to 
9 m (Table DR1); the volumes (πabc/6) of these 
roughly ellipsoidal shapes (a = length, b = width, 
c = height) were 780 m3, 350 m3, 300 m3, 130 m3, 
100 m3, 45 m3, and 35 m3. For a density of 
~2.0 g/cm3 (Spiske et al., 2008), these volumes 
correspond to masses of 70–1600 metric tons.

The Fahefa boulders form a distinct, localized 
group unlike stones we inspected elsewhere in 
Tonga. To assess this we questioned local inhabi-
tants about the whereabouts of “makalahi” (big 
stones in Tongan), and visited numerous boulders 
on the islands of Tongatapu, Ha’apai, and Vava’u. 
All other boulders we inspected were either in 
place, much smaller, or more highly weathered 
than the Fahefa stones, or located on beaches 
below and adjacent to cliffs. One of us (Moala) 
is a native Tongan and a trained geologist; neither 
he nor his colleagues employed by the Tongan 
Ministry of Lands, Survey, and  Natural Resources 
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ABSTRACT
Along some coastlines there are erratic boulders apparently emplaced by tsunamis or 

cyclonic storms; evaluating their origin and time of emplacement places constraints on the 
frequency, severity, and location of coastal hazards. Seven such large coral limestone boulders 
are present near Fahefa village on Tongatapu Island, southwest Pacifi c, apparently emplaced 
by a prehistoric tsunami. These boulders are 10–20 m above sea level and above any possible 
source, and all are 100–400 m from the present shoreline. Coral 230Th ages indicate that the 
limestone formed during the last interglacial sea-level highstand, ca. 120–130 ka. The largest 
boulder is ~20 times more massive than any reported boulders emplaced by historically docu-
mented storms and may be the largest known tsunami or storm erratic worldwide situated 
above its source. We performed computer simulations to assess whether tsunamis produced by 
earthquakes, undersea landslides, or volcanoes could emplace the boulders. The simulations 
indicate that either volcanic fl ank collapse along the Tofua arc ~30–40 km to the southwest or 
undersea landslides on the submarine slopes of Tongatapu could be responsible. Either could 
explain why these boulders are not widespread on Tongatapu, and instead occur in a localized 
group along the western coast. This study demonstrates that small (<1 km3) submarine slope 
failures sometimes generate locally large tsunamis. The Fahefa boulders are in a well-studied 
and well-populated area, yet were unknown to the scientifi c community until recently; this 
suggests that systematic searches elsewhere for erratic boulders and other tsunami deposits 
might provide new information for assessing the size and extent of prehistoric tsunamis.
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knew of boulders anywhere with all the charac-
teristics of those near Fahefa. Given the relatively 
uniform geology of Tongatapu , we conclude that 
the phenomenon depositing the Fahefa stones 
was localized on western Tongatapu and did not 
affect other islands.

ANALYSIS AND COMPUTER 
MODELING
Isotopic Dating

Ages of nine coral samples, collected from six 
of the Fahefa boulders, were determined with 
230Th dating methods (Shen et al., 2002) using 
multicollector-inductively coupled plasma–
mass spectrometry (Section DR1; Table DR2). 
U-series results (Table DR2) indicated that 
seven of the nine samples, representing fi ve 
different boulders including the largest, were 
isotopically unaltered. All the reliable ages 
were between 122 and 131 ka, the youngest 
age being 122.6 ± 0.5 ka. This confi rms when 
the corals lived with an age accuracy of ~1% 
and provides a maximum age for the emplace-
ment of the boulders.

Potential Sources
What brought the Fahefa boulders to their 

present location? They could not have formed 
in place, as their bases are all on or above the 

maximum elevation of sea level in the Holo-
cene or in the last interglacial ca. 120–130 ka 
(Taylor and Bloom, 1977). The only credible 
explanation is that a storm wave, storm surge, 
or large tsunami removed them from the west-
ern shore of Tongatapu and transported them 
10–20 m upward and 100–400 m inland. This 
was most likely a single event, as the stones 
share many similarities and now lie along a 
gentle arc roughly equidistant from the shore-
line (Fig. 4). Because they are on a thinner soil 
layer than in adjacent regions, backwash or a 
similar scouring process may have accompa-
nied their deposition.

It seems unlikely that a storm deposited these 
boulders. Although cyclonic storms sometimes 
produce waves or surges that displace boulders 
(Noormets et al., 2002; Nott, 2004), the largest 
historically documented stones displaced verti-
cally upward and moved distances exceeding a 
few meters by storms have average dimensions 
smaller than ~5 m and masses <100 t (Nott, 
2004). There has been discussion that sea sur-
face temperatures exceeding 36 °C might gen-
erate hypercanes, i.e., storms much stronger 
than any observed historically (Parks Camp 
and Montgomery, 2001). However, no one has 
yet suggested that such conditions occurred 
within the past 130 k.y.

Numerous relationships have been proposed 
to estimate how large a wave is required to move 
a boulder of height h and density ρb. Using Nott 
and Bryant’s (2003) equations 13 and 14, we 
obtain wave height estimates of 19–44 m (Sec-
tion DR2). Empirical observations suggest that 
these estimates are low, as the largest limestone 
boulders displaced by the 27 August 1883 
Krakatau ~36 m tsunami wave and the 24 April 
1771 Meiwa ~30 m tsunami wave had volumes 
of 317 m3 and 160 m3, respectively (Kato and 
Kimura, 1983; Setja Atmadja, 2007; Imamura 
et al., 2008).

Potential tsunami sources include several 
known submarine volcanoes (Fig. 1) along the 
Tofua arc 35 km west of Tongatapu (Massoth  
et al., 2007); there is a report from 1853 (Sawkins , 
1856) of the simultaneous occurrence of a tsu-
nami and earthquake in Tongatapu  accompany-
ing the temporary appearance of a new volcanic 

Figure 1. Relationship of Fahefa boulders to possible tsunami sources. Arrows indicate loca-
tions of fl ank collapse features modeled for volcanoes 1 and 2; square indicates location of 
boulders and modeled undersea slumps shown in Figure 4.

Figure 2. Largest erratic boulder near Fahefa, 
Tongatapu. This coral limestone boulder 
(boulder #1) is roughly ellipsoidal in shape; 
its base is 10 m above sea level and ~130 m 
from present shoreline; smaller boulder 
is 80 m farther inland. Rod in the photo is 
2.44 m long.

Figure 3. Sea level for Tongatapu over past 
400 k.y. Prior to Holocene, sea level had not 
been at or near present values for ~120 k.y. 
Shaded area labeled “boulders 1–7” indi-
cates range of isotopically determined dates 
for erratic boulders. Plotted sea-level values 
are determined from analysis of uplifted ter-
races in New Guinea for period back to 30 ka 
(Lambeck and Chappell, 2001), and prior to 
that from proxy relationship between oxygen 
isotopes, ice volume, and sea level (Imbrie 
et al., 1989).
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island 45 km to the west. The Tofua volcanism 
is potentially explosive because it is silicic, 
exhibits caldera or collapse features, has depos-
ited thick tephra layers in the soils on Tongatapu 
(Dickinson and Burley, 2007), and has produced 
documented submarine explosions that violently 

breached the sea surface (Melson et al., 1970). 
High-resolution bathymetric images indicate 
that fl ank collapses are ubiquitous on Tofua sub-
marine stratovolcanoes (Massoth et al., 2007).

There are also two slump features directly 
offshore western Tongatapu visible in high-

resolution bathymetric data (Fig. 1; Table DR3). 
Slide 1 is a channel-like 50-m-deep depression 
~200–500 m wide that begins ~180 m from 
shore, directly seaward of the Fahefa boul-
ders, and extends up to 3 km offshore, reach-
ing depths of 500 m. Slide 2 is somewhat larger 
with a width of ~1000 m, and is evident in the 
bathymetry ~5 km offshore west-northwest of 
the Fahefa boulders.

Earthquake ruptures that displace large areas 
on the ocean fl oor also may produce tsunamis. 
Although Tonga is very active seismically, 
except for one unconfi rmed report (Gerber, 
2000) concerning a tsunami in Vava’u generated 
by the 30 April 1919 MW 8.2 earthquake, there is 
no historical record describing tsunamis exceed-
ing 2.5 m runup anywhere in Tonga produced 
by either the largest historically known regional 
earthquakes (Okal et al., 2004), which have 
MW 8.4, or by teleseismic events such as the 
1960 Chile MW 9.5 earthquake (Pearce, 2007).

Tsunami Modeling
We modeled several natural phenomena that 

might generate tsunamis on Tongatapu, includ-
ing volcano fl ank collapses, submarine land-
slides, and earthquake ruptures that displace 
the ocean fl oor (Section DR3). Our computer 
program simulates wave motion using a stan-
dard nonlinear shallow-wave fi nite-difference 
approach, i.e., the grid elements have vertical 
dimensions equal to the water depth and their 
relative heights determine the wave motion. 
With the gridded bathymetry available to us 
we can obtain accurate relative wave heights 
in water depths of 100 m or greater, allowing 
us to identify areas most affected by a tsunami. 
To simulate waves generated by earthquakes, 
volcanoes, or submarine landslides, our pro-
gram uses a gridded pattern of vertical motions. 
For earthquakes, we use an elastic dislocation 
model for a rectangular fault in a half space. For 
volcanoes and submarine slides, our program 
models a rotational slump as a moving Gaussian 
function of specifi ed height and width, with the 
seafl oor moving up and down as it passes.

After modeling numerous fl ank-collapse–
triggered tsunamis along the Tofua arc, we 
conclude that feature volcano 1 at ~21.11°S, 
175.40°W is a promising source. Our model 
fi nds that a 4-km-diameter, 200-m-thick rota-
tional slump, moving for 10 s in an eastward 
direction away from volcano 1, produces peak-
to-trough amplitudes of 14 m at 100 m water 
depths off western Tongatapu (Fig. 4).

Two slump features near Tongatapu pro-
duced tsunamis with similar wave amplitudes 
but of shorter durations. Both slumps have 
their highest amplitudes concentrated along 
the shoreline seaward of Fahefa. Although the 
amplitudes offshore seem too small to displace 
the Fahefa stones (Fig. 4), local bathymetry 

Volcano #1 & #2 (~30 km away)

Figure 4. Tsunami modeling results. A: Bathymetry offshore western Tongatapu, locations 
of Fahefa stones (white circles), and source regions of modeled landslides. B–D: Modeled 
wave heights at indicated points (labeled with a star; dashed lines show 100 m water depth) 
for slide 1 (B), slide 2 (C), and volcano 1 fl ank collapse (D). E–G: Maximum (Max.) modeled 
wave heights for slide 1 (E), slide 2 (F), and volcano 1 fl ank collapse (G). H: Time histories of 
modeled wave heights.
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and larger slide volumes might amplify them. 
For earthquakes, we modeled tsunamis gener-
ated by hypothetical moment magnitude MW 9 
earthquakes, which requires slip of ~30 m along 
faults with dimensions ~120 km × 1000 km. 
For sources along the Tonga trench this pro-
duces a tsunami that strikes the eastern shores 
of Tongatapu and other islands in the Tonga 
arc. Peak-to-trough amplitudes are ~12 m at 
Fahefa on the west side of the island.

DISCUSSION
The computer modeling and other arguments 

imply that tsunamis generated by volcanic fl ank 
collapse events along the Tofua arc or by sub-
marine slumps are the most plausible origins for 
the Fahefa stones. It is notable that at distances 
of 30 km from the Krakatau volcanic eruption of 
27 August 1883, a tsunami with reported heights 
of 36 m displaced a coral limestone boulder 
100 m inland; its volume of 317 m3 is larger 
than all but two of the Fahefa stones (Simkin 
and Fiske, 1983; Setja Atmadja, 2007).

The 122–131 ka dates suggest this event likely 
occurred either within the past 7 k.y. or ca. 122 ka, 
rather than at intermediate times when sea level 
was 15–120 m lower than present (Fig. 3). It 
could not have occurred before the age of the 
youngest corals in the blocks (122.6 ± 0.5 ka). 
Furthermore, the observation that none of the 
boulders rests on pedestals, which allegedly form 
due to rainfall solution beneath objects resting on 
limestone surfaces (Matsukura et al., 2007) and 
reportedly grow at rates of ~20 cm/k.y., favors a 
much younger age of 7 ka or younger.

Computer simulations suggest it is unlikely 
that a local or teleseismic earthquake-induced 
tsunami emplaced the Fahefa stones. It is 
implausible that ruptures with dimensions 
~1000 km would leave visible deposits only 
on western Tongatapu and only within a local-
ized region.

Previous studies suggest that giant to moder-
ate (100–10 km3) submarine slope failures may 
be responsible for some of the largest tsunamis 
(Ward and Day, 2001; Tappin et al., 2001). Our 
study offers geological evidence supporting this 
hypothesis. Furthermore, our study indicates that 
perhaps even small (<1 km3) submarine mass-
transport events, under appropriate geological 
and geographic conditions, may generate some 
of the largest near-fi eld tsunamis on Earth.

Additional research concerning wave-
emplaced deposits in Tonga and elsewhere 
could provide more quantitative information 
about potential tsunami and/or storm hazards. 
We suggest that when assessing wave haz-
ards anywhere worldwide, it may be useful to 
undertake a systematic search for and census 
of erratic stones, as they may be more common 
than we know; before this study, those of us 
native to Tongatapu  (Moala) or who had visited 

it for geologic fi eld study several times previ-
ously (Frohlich and Taylor) were unaware of the 
Fahefa stones, even though the island is small, 
well populated, and generally accessible.
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