LETTER

Earth Planets Space, 51, 1319-1324, 1999

Source rupture process of the Papua New Guinea earthquake of July 17, 1998
inferred from teleseismic body waves
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A large earthquake (Ms 7.1) occurred off northwest coast of Papua New Guinea (PNG), and a massive tsunami
attacked villages to cause a devastating damage. In an attempt to ascertain the tsunami source, we investigate the
source rupture process using teleseismic data at RIS network as well as local data at Jayapura, Irian Jaya, station.
The source parameters obtained are: (strike, dip, slip) = (301°, 86°, 91°); the seismic moment = 4.3 x 10%° Nm
(Mw = 7.0); the duration of main rupture = 19 s; the centroid depth = 20 4+ 5 km; the extent of rupture along
the fault strike = 40 km; the average dislocation = 1.8 m; the stress drop = 7.3 MPa. The tsunami magnitude Mt
determined from tide-gage data at long distance is 7.5, significantly larger than Ms, so that the PNG earthquake is
characterized as a tsunami earthquake. Tsunami earthquakes might have been caused by slow rupture, submarine
landslide, and high-angle dip-dip. Our teleseisimic analysis precludes the first two candidates and favors the third
one as a source of the present earthquake, although it does not necessarily exclude the possibility of an aseismic

landslide induced by the main shock or its aftershocks.

1. Introduction

In the evening of July 17, 1998, a large earthquake oc-
curred off northwest coast of PapuaNew Guinea. Associated
with this earthquake, a massive tsunami attacked Sissano,
west of the town of Aitape in west Sepik. The maximum
tsunami height was estimated to be more than 10 meters
(Kawataetal., 1999). Atleast 2,000 peoplewerekilled, hun-
dredsinjured, and several villagesweredestroyed compl etely
by tsunami. Accordingto QED informationby NEIC, theori-
gintimeis08:49:16 UT; the epicenter is2.932°S141.797°E;
the depth is 10 km; the surface wave magnitude Ms is 7.1.
Inview of thefact that atypical tsunami height for this earth-
quake size (Ms 7) is as high as a few meters, this event is
characterized as a tsunami earthquake in that the observed
tsunami was much higher than that expected from the earth-
guake magnitude.

In an attempt to ascertain the tsunami source, we herein-
vestigate the source rupture process of this earthquake using
teleseismic body waves. The aftershocks are also examined
by using local seismic dataat Jayapula, Irian Jaya, wherethe
broadband seismograph (STS-1) had beeninstalled by Earth-
guake Research Institute, University of Tokyo and began to
operate just before the July 17 earthquake. The station is
plotted in Fig. 1, together with epicenters of the main shock
and aftershocks.

2. Telesdismic Data Analysis

We used tel eseismic body waves (vertical P and transverse
Swaves) recorded at 13 stations of |RIS broadband seismo-
graph network. The observation stationsare shownin Fig. 2.
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The azimuthal coverage is not very good but still sufficient
to resolve some details of the source characteristics. Using
QED’s epicenter and Jeffreys-Bullen’s travel time table, the
broadband records were windowed for 2 minutes starting at
5 sec beforethearrival time of direct Por Swave. They were
band-passed between 0.002—1 Hz, and converted to ground
displacement with asampling time of 0.5 s.

We employed an inversion scheme performed by Kikuchi
and Kanamori (1995). First, with a point source approxi-
mation, we determined the fault mechanism fitting the ob-
served waveforms. Next, fixing the focal mechanism, we
constructed a grid scheme putting 5 grid points at every 10
km along the fault strike (Fig. 1) and 3 grid points at every
5kmalongthedip. Three-layer model (4 km thick ocean, 15
km thick crust and semi-infinite mantle as given in Table 1)
was used as a near-source structure. Model parameters are
the moment-rate functions at the individual grid points. The
positivity constraint was imposed on the moment-rate func-
tion.

The inversion procedure was made individually for two
possible fault planes: vertical and horizontal. It turned out
that the variance reduction was slightly better in case of ver-
tical fault plane. However the differences in variance re-
duction are so close that the teleseismic data alone cannot
well judge which of the P-wave noda planes was the ac-
tual fault plane. Nevertheless, combining our result with
other information such as the relocated aftershock distribu-
tion (Hurukawa, 1999), we conclude that the vertical fault
planeis preferred to the horizontal fault plane.

Thesource characteristics such asthemechanism diagram,
the moment-rate function and the final moment release along
the fault strike are shown in Fig. 3. A small introductory
rupture is seen to precede a main rupture by about 10s. The
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Fig. 1. Distribution of the main shock (star) and the aftershocks (gray circles) due to PDE information by NEIC. The magnitude (mb) of the aftershocks
ranges from 3.2 t0 5.9. JAY (triangle) indicates the broadband seismograph station at Jayapura, Irian Jaya, operated by Earthquake Research Institute,
University of Tokyo. Black squares denote grid points along the fault strike used in the waveform inversion.

Fig. 2. IRIS broadband seismograph stations used in the present analysis.
Map isdrawn onto an equal distance projection. Theinner and outer cir-
cles correspond to the epicentral distances of 30° and 100°, respectively.

epicenter was relocated to 2.900°S, 141.924°E, about 15 km
east to the NEIC’'s. The main rupture initially propagated
bilaterally, and then it tended to propagate mainly to the
southeast. The extent of ruptureis estimated to be about 40
km in length and 15 km in width. The rupture front velocity
during the main stage is about 2 km/s. It should be noted
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Fig. 3. Results of teleseismic analysis. (a) mechanism solution, (b) total
moment-rate function, and (c) moment-rate functionsat grid pointsalong
the fault strike and final moment release at each fault segment with a
spacing of 10 km.

30 km
SE

that a delayed rupture was seen near the initial break of the
seismic fault.

The source parameters are summarized in Table 2. In
calculating the average dislocation, we assumed the rigidity
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Table 1. Near-source structure models used in the waveform inversion.

Model for teleseismic data analysis

Model for local data analysis

Vp Vs 0 D Vp Vs 0 D
1.50 0.00 1.00 4 5.50 2.80 2.30 5
6.50 374 2.87 15 6.50 3.74 2.87 10
7.80 4.40 3.30 — 7.80 4.40 3.30 —
Vp, Vs = P-wave and S-wave velocities [km/g];
o = density [10° kg/m®]; D = thickness [km]
Table 2. Source parameters of the main shock. 0 20 40 60s
origin time = 08:49:14 UT 31.9 57.3
MA2 P NWAO P
epicenter = 2.900°S, 141.924°E 5.0 2147
(strike, dip, slip) = (301°, 86°, 91°)
o 38.4 23.2
seismic moment Mo = 4.3 x 10° [Nm] (Mw = 7.0) PET P ULN P
source duration of main rupture = 19 [s] 1.9 v\//\/\/\ 333.5 W
centroid depth H = 20 & 5 [km] 163 286
fault area S = 40 x 15 [km?] COLA P _\/\/\/\ YAK P W
237 353.8
average disocation D = Mo/uS=1.8[m] -—\fvw ~—\I/VW
stressdrop Ao = 2.5Mo/S"® = 7.3 [MP4] 249 106.3
KDAK P CAN SH
29.6 w\/\\/\/\ 169.2
u = 40 GPa. The focal mechanism (vertica dip-dip) and
the total seismic moment (Mo = 4.3 x 10 Nm) obtained CZ)'BR o c:k‘ o
in this paper are consistent with the CMT solutions: Mo = 455 N 169.2
5.2 x 10% Nm determined by Harvard University and Mo = —
4.3 x 10" Nm by U.S. Geological Survey. The stress drop 28.4 157.2
Ao = 7.3 MPa which is comparable with a typical value KIP P TATO SH
for intra-plate earthquakes (Kanamori and Anderson, 1975). 64.3 325.9
The waveform comparison is shown in Fig. 4.
_ ) 19.9 31.0
3. Tsunami Data at L ong Distance AFI P TATO P
Based on the empirical relation between the maximum 106.3 _ 325.9
tsunami height H m and the moment magnitude Mw, the
tsunami magnitude Mt is defined by Abe (1979) asfollows: 39.9
TAU P
Mt =IlogH + B @ 173.7
where B is a constant which depends on the pair of source
region and observation region. For the pair of Japan stations
and Guam-Mariana events, B = 8.4.
Tsunami waves associated with the PNG earthquakewere  Fig. 4. Comparison of observed waveforms (upper trace) and resul-

observed in Japan, the epicentral distance being about 40
degree. There are 11 data available along the Japan coast.
Theaveragetsunami heightis0.13+0.03m. Substitutingthis
into (1), we have Mt = 7.5. This Mt issignificantly larger
than Ms and Mw. According to Abe (1989), the difference
between Mt and Ms, 0.4, is marginal for classifying this
event asthe typical “tsunami earthquake.”

4. Broadband Record at JAY
The broadband seismograph (STS-1) wasinstalled in De-
cember, 1997 at Jayapura, Irian Jaya, about 150 km west

tant synthetic waveforms (lower trace). The number above station
code indicates peak-to-peak value of the observed displacement record
[unit = micro-meter], and the number below the station code is the
source-to-station azimuth.

of the epicenter (Fig. 1). Thisis one of the stations of the
Ocean Hemisphere Network (Morita, 1997). Latitude, lon-
gitude and altitude are 2.515°S, 140.703°E and 439 m, re-
spectively. Continuous record with a sampling rate of 20 Hz
are provided via Magnet-Optical Disk or public telephone.
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Fig. 5. Vertical record observed at JAY. The lower trace is the velocity
record after instrumental calibration. The largest aftershock (denoted by
LA) is seen to follow the main shock (denoted by M) about 20 minutes
later. The upper traceisthevelocity record band-passed for ashort period
range[1-5Hz]. At least 4 aftershocks can beidentified between themain
shock and the largest aftershock.
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Fig. 6. Mechanism solution and moment-rate function of the largest af-
tershock obtained from local data (three components of ground displace-
ment) at JAY. Thetime history is rather complex and the duration is as
longas40s.

In Fig. 5, lower trace shows the broadband velocity record.
It is seen that the main shock is followed by the largest af-
tershock about 20 minutes later. The maximum amplitude
of the aftershock is about 1/4 of that of the main shock, cor-
responding to the magnitude difference of 0.6. Upper trace
in Fig. 5 shows ground velocity band-passed for a short pe-
riod range [1-5 Hz]. We can identify at least 4 aftershocks
between the main shock and the largest aftershock.
Employing this local data, we examined the focal mech-
anism and time history of the main shock and the largest
aftershock. Discrete wave number method (Bouchon, 1981)
was then used to cal cul ate the Green’s function for adouble-
couplesource placed at ahorizontal three-layer structure (Ta
ble 1). We confirmed that the source characteristics obtained
for the main shock basically coincides with the teleseismic
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Table 3. Source parameters of the largest aftershock.

origin time = 09:09:52 UT

epicenter = 2.952°S, 142.096°E

(strike, dip, slip) = (111°, 75°, —105°)

seismic moment = 6.5 x 10 [Nm] (Mw = 6.5)
source duration = 42 [

centroid depth = 14 [km]

solution given above. The result for the largest aftershock is
shown in Fig. 6. The mechanism solution reveals a normal
fault which at a glance seems different from a reverse fault
obtained for the main shock. Actually the fault geometry of
both main shock and aftershock is quite similar except for a
dlight difference in the fault dip. On the other hand, the time
history of the aftershock is more complex and rather longer.
It may be regarded as two discrete events whose onset times
are separated by 30 s. The main source parameters are given
in Table 3.

5. Discussion

So far intensive survey for the near-coast submarine to-
pography and aftershock observation have been made in an
attempt to examine the tsunami source. But the cause of
the massive tsunami has not yet been ascertained definitely.
Imamura (1999) made anumerical simulation and proposed
a composite model of a submarine landslide and a seismic
fault to explain the generation of alocal massive tsunami.

There are some possible sources proposed for tsunami
earthquakes. One of the typica models is a slow earth-
guake such as the 1992 Nicaragua earthquake (Kanamori
and Kikuchi, 1993) and the 1896 Sanriku tsunami earth-
guake (Tanioka and Satake, 1996). For ordinary shallow
earthquakes, some empirica relations between the source
duration t and the seismic moment Mo have been proposed
as follows (Furumoto and Nakanishi, 1983; Ekstrom and
Engdahl, 1989):

Mo/z3 = 0.25 — 1 x 10% [Nm/s%]. 2)

For slow earthquakes, the value of Mo/3 must be much
smaller than the above value. In fact the Nicaragua event
gives Mo = 3.7 x 10%° Nm and © = 110 s (Kikuchi and
Kanamori, 1995), so that Mo/73 = 2.8 x 10 Nnmv/s®. For
the present earthquake, the value of Mo/z3 is 0.6 x 10%
Nm/s®, lying well within arange for ordinary earthquakes.
The other typical model for tsunami earthquakesis a sub-
marine landslide near trench as shown for the 1929 Grand
Banks earthquake (Hasegawa and Kanamori, 1987). In ad-
dition to these models a shallow high-angle dip-dlip fault is
a possible candidate for tsunami earthquake. Abe (1985)
compared tsunamigenic earthquakes with different mecha-
nisms and found that, in case of high-angle dip-dlip events,
the tsunami magnitude Mt determined by (1) is larger than
Mw by 0.2-0.4. Hence, the difference between Mt and Mw
observed in the present earthquake can be accounted by our
model. Computer simulation for tsunami at long distance
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also suggests that a high-angle dip-slip source with Mw 7.1
can explain the tide-gage and ocean bottom tsunami records
observed at Japan coast (Tanioka, 1998). Thus our teleseis-
mic analysis precludes the possibility of slow earthquake,
and favors a high-angle dip-slip source.

Let us next examine the possibility of a submarine land-
dide. We model it with a single-force at free surface. Itis
well known that the P-wave radiation pattern having vertical
and horizontal nodal planes such asshownin Fig. 3(a) canbe
explained equally by either asingle-force or adouble-couple
source. On the other hand, the radiation pattern of the ra-
dia S-waves can distinguish a double-couple source and a
single-force. The azimuthal variation of the wave shape can
also distinguish a buried source and a free surface source.
A single-force placed at free surface does not accompany a
distinct later phase due to free surface reflection, resulting
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Fig. 7. Comparison of radial S waves. Left column: observed records;
central column: synthetic records for a buried double-couple; right col-
umn: synthetic records for a single force at free surface. Waveform fit
(especially at southern stations: CAN, TAU, and NWAO) suggeststhat a
buried double-couple source is preferred to a free-surface single-force.
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in the same wave shape regardless the station azimuth. On
the contrary, a buried double-couple source accompanies de-
layed free surface reflections (pP, sP, sS) which can result in
the variation of wave shape with respect to the ray direction.

Taking these into account, we compare the observed and
synthetic records of radial S-wavesin Fig. 7. Thefirst col-
umn shows the observed waveforms, the second column the
synthetic waveforms for a buried double-couple (strike, dip,
rake = 301°, 86°, 91°), and the third column for a surface
single-force (azimuth = 198°, dip = 10° upward). Since
radial S-waves are sensitive to underground structures as to
be easily distorted by P-SV conversion, we here restrict our-
selves only to an initial portion of S arrival. In Fig. 7, the
opposite polarity between S and sS is seen to distort the
waveforms observed at southern stations: CAN, TAU and
NWAO. Such a feature is well reconstructed by a buried
double-couple source but not by afree surface source. Thus
the present earthquakeis not likely to be modeled by asingle
force at free surface.

In summary, the seismic source of the 1998 PNG earth-
guakeiswell represented by ahigh-angledip-slip fault which
could be partly responsiblefor alarge tsunami. However our
analysisdoes not excludethe possihility that an asei smic sub-
marine landdlide as proposed by Imamura (1999) could be
locally induced by strong ground motions either by the main
shock or by alarge aftershock. This could lead to a local
massive tsunami.
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