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Abstract. Modest earthquakes may trigger large submarine
landslides, responsible for disastrous tsunami waves, as
demonstrated by the Papua New Guinea event of July 17,
1998. The relatively small earthquake was followed by
unexpectedly high waves, up to 15 m, wiping out 3 villages
and killing more than 2200 people. Numerical simulations
show that seismic dislocation sources are not energetic
enough to reproduce the observed tsunami along the coast.
Tsunami generation by a submarine landslide has been
simulated by a finite-difference model, assimilating the
landslide to a flow of granular material. Long-wave
approximation is adopted for both water waves and the slide.
Numerical results show that observed inundation heights are
well reproduced for a2 volume of 4 km’ located 20 km
offshore, sliding downslope with a Coulomb-type friction.

Introduction

On July 17, 1998, a tsunami devastated the coastline of
northern Papua New Guinea (PNG) [Tappin er al, 1999;
Kawaia et al., 1999; Piatanesi and Heinrich, 2000], with mun-
up heights reaching as much as 15 m at a location on the
Eastern spit of Sissanc Lagoon (Fig. 13 This tsunami is
unusual in at least two respects: first, the discrepancy between
run-up amplitudes and the relative moderate size of the parent
earthquake (M, = 6.9 and a value of only 3.7 x10'Y N-m for
the final estimate of its seismic mament} [Tanioka, 1999]; in
addition, it features an extreme concentration of the wave
energy on a narrow stretch of coastline: as documented by 80
inundation heights measured along a 40-km section of coast
during a post-tsunami survey, run-up heights greater than 7 m
were restricted to a 20-km coastal segment, centered at
Sissano Lagoon (Fig. 2). Outside this segment, they decrease
very rapidly, both eastwards and westwards to benign values
of 2 m or less. Both properties are unusual, even considering
the so-called “tsunami earthguakes” [Kanamori, 1972], whose
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tsunamis are greater than expected from their seismic waves,
Based on Newman and Okal's £/A, discriminant [Newman
and Okal, 1998], the PNG earthquake did not possess the
slow source characteristic of tsunami earthquakes such as the
1992 Nicaragua, 1994 Java, or 1996 Peru events mamura et
al,, 1993; Heinrich er af., 1998)], Similarly, in most recent
tsunamis, comparable run-up heights were spread over a
much fonger (100 km) segment of coast,

Ir should be nated that, inside the coastal segment most
inundated, strong variations of the measured run-up heights
are observed, probably linked to changes in vegetation
density, From these variations, it can be inferred that the
highest run-up values are reached close to the shoreline in
arcas with dense vegetation, against which tsunami waves
either break or are reflected.

Seismic Sources

We first consider seismic disiocation sources as the
mechanism of generation of the tsunami. The CMT focal
solution of the mainshock (Fig. 1) can be interpreted along
either fault plane: a classic low-angle thrust subduction with
the epicenter {determined by USGS) located on the coast; or
the conjugate mechanism, a compressional event on a steep
reverse fault. It is unlikely that rupture along the high-angle
reverse fauft plane could expiain the tsunami for several
reasons: it would have generated larger coseismic
displacements, possibly a fault break, in the immediate
vicinity of the epicenter, i.e., on land near Serrano, which
were not observed; the distribution of widely scattered
aftershocks (whose depth resotution is very poor) Is generally
more consistent with the low-angle thrust fault geometry;
finally, the azimuthal disparity besween the strike of fanlting
and the direction of rupture [Kikuchi et af, 1998] would
require significant down-dip propagation of the fupture,
which wounld hamper tsunami generation, Nevertheless, we
consider both geometries and compute the co-seismic vertical
displacement field induced by fault rupture, using the
analytical formalism of Mansinha and Smylie {19717 adapted
to the case of a fault rupturing at an angle from the strike
direction. This point has been ignored in previous studies,
&.g.. Matsuyama et al. [19993, who have used the 2™ source 1o
medef the effect of small-scale bathymetry on the
amplification of the tsunami waves. The resuiting field is then
taken as the initial field for the hydrodynamic computation,
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Figure 1. Bathymeinc map of northem Papua New Guinea,
The stars indicate the epicenter locations of the main shock at
08:49 GMT (in red) and of a large aftershock doublet at 0‘)'09
and 09:10 GMT (in black). The solid line joining them is the
horizontal extent of the seismic rupture. in the
dislocation model. The slump area detecied by the manne
survey is indicated by the shaded ellipse. The interval of
isobaths is 250 m.

Description of the Tsunami Model

Tsunami propagation is modeled in an arca of 30 x 80 km',
using the classic shallow water assumption, since frequency
dispersion plays a minor role for short propagation distances.
The nonlincar long wave equations are solved by means of 8
stuggered-grid finite-difference method. The numerical model
uses 8 Godunov-type scheme. extended to second order by
using the concept of Vanleer (Wangeney el al., 2000 Alerido
ef ol 1993). it is particularly adapted to propagate strongly
nonlinear waves. The model, with a grid step of 100 m.
cannot take into account the vegetation gensity so that final
run-up is not calculaed: rither, the computation is stopped o
the flow depth on the shorelfine. the katter being taken as a
perfect reflector, which is the most realistic way of modeling
the largest observed heights with a grid step of 100 m. Our
model. referred 1o in the literature & a threshold-type model
[Titovw et al., 1998]. uses a minimam depth contour of § m.

Numerical Results for Seismic Sources

For both seismic sources, the maximum cakulated water
heights strongly underestimate the measured values (Fig, 2).
In order to reproduce the observed values quantitatively. an
amplification factor of 12 (1" mechanism) or 8O o™
mechanism) has to be applied to the profiles shown on Figure
2 In tum, this would lad to increasing the slip on the
dislocation by a similar factor, which is inconsistent with the
weismic moment of the earthquake. Note the strong deficiency
in amplitude for the 2* source, which reflects the downward
extension of the source, necessary to reconcile the epicenter
geometry, the direction of propagation. the dip of the fault.
and the location of the aftershocks, This angument. in favor of
a large submarine landslide as a tsunamigenic source, is
supported by the following observations:

e Most reliable wimesses report the tsunami attck
immediately following the main aftershock, ie 20 w0 22
minutes after the mainshock. whereas the travel time of water

waves is caly about 10 minutes from a source located 20 km
offshore away from Sissano (an aftershock did take place at
09:02 GMT. 13 minutes after the mainshock. but it is much
oo small, m, = 4.4, for its dislocation to be the tsunami
source). The 10-minutes hiatus could be accounted for by a
time delay between the mainshock and the triggering of the
sediment slump.

o Several water waves were observed along the coast, the
first one not always being the largest. which is not obtaned
using the proposed seismic sources.

o Bathymetric and seismic reflection surveys have detected.
in an amphitheater-shaped depression of 50 km’ (Fig. 1). the
internal structure of a rotational slump with an estimased
volume of 4 km’ and & few hundred meters thick. that has shd
a few kilometers away from its presumed initial position
(Tappin e al., 1999).

o T waves gencrated by the 09:02 aftershock were recorded
2 Wake Island [Okal et al.. 1999], lasting close 10 one
minute. an abnormally long duration for a seismic shock with
m, = 4.4, suggesting that the 09:02 evenst may be a landshide
ruther than a seismic dislocation.

Description of the Landslide Model

Modeling a landslxde is then required. The volume of the
landslide is taken as 4 km', located in the above-mentioned
depression (Fig. 31 The mechanism initiating the landslide is
not studied and it is assumed that the whale mass suddenly
loses its equilibrium and slides downslope under gravity
forces. The landslide is treated as a fuid-like flow of a
cohesionless granular material. Interfacial mixing with water
is assumed 1o be negligible due to the short run-out distance
and the interfacial shesr is assumed to be small compared to
the basal friction [Jiang and LeBlond, 1992 Rabinovich et
al. 1999). Since the slide thickness is much smalier than the
characteristic slide length, mass and momentum conservation
equations are depth-averaged over the thickness in a way
similar %o tsusami equations, which allows to ignore the
precise mechanical behavior within the flow [Savage and
Hutrer, 1989]. The deformation is assumed to be essentially
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Figure 2. Comparison between observed mun-up heights
{open circles) and maximum calculated watcr heights for the
two seismie dislocation models considered. For both sources.
the fault length is 42 km rupturing at an azimuth of R5% and
the slip dislocation is mD6, The srike. dip amd rake angles

are for the 1* source (subduction event) 146°, 19 and 127°
and for the 2™ source (steep reverse fault) 287, 757, 78°
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Simulation of n Landslide-Generated Tsunami
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shown that the maximum inundation heights depend weakly
on the landslide lateral position within the depression.
Surprisingly, one major parameter controlling the run-up
distribution is the friction law govemning the landslide.
Sensitivity tests were carried out by varying the basal friction
angle ¢, in the range determined by back-caiculations from
datasets of subaerial rock avalanches [Voight, 1979], i.e. from
5% 10 20° Numerical results show that the calcufated
distribution is flatter than the observed one for small friction
angles (Fig. 5). The smaller the friction angle, the higher the
slide velocity, which produces in the generation area a farger
first positive wave, that remains higher when reaching the
coast outside Sissano. On the opposite, the 2" positive wave
is aftenuated in the generation arez and later in Sissano
region. This attenuation is accounted for by a longer duration
of the landslide, so that water aspiration by the slide interferes
with the {illing-in of the trough. The best fit to observations is
obtained for ¢=12° considering that the calculated water
waves are reflected waves against the shoreline. In this case,
the emplacement time for the leading edge of the landstide is
slightly less than 2 minutes, the maximum vertical fall is
about 500 m for & run-out distance of abour 5 km. This
distance, close to the observed one, is reduced to 2 km for
=17 and exceeds 20 km for friction angles lower than 7°,

Conclusion

The analysis of the 1998 Papua New Guinea event by
means of numerical simulations confirms the large submarine
landsfide as the most probable origin of the tsunami. In other
instances (Flores, 1992; Okushiri, 1993), locat amplification
of rur-up has been attributed to localized underwater land-
shides of contained dimensions, triggered by the carthquake.
This case differs in the much larger scale of the phenomenon,
as well as in its nature as a slump. An important lesson
learned from the PNG event is that catastrophic slides can be
triggered by relatively moderate earthguakes, in the present
case with a moment well below 10™ N-m, a figure heretofore
often quoted as a threshold for regional tsunami hazard.
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