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Source processes of the 2009 Irian Jaya, Indonesia, earthquake doublet
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On January 3, 2009 UT, an earthquake doublet with moment magnitudes of 7.6 and 7.4 occurred along the
New Guinea trench near the northern coast of Irian Jaya, Indonesia. The events were separated by three hours
in time and 60 km in space, having similar thrust faulting mechanisms. The Solomon and New Britain Islands
regions located east of the source area are well known for the occurrence of earthquake doublets due to the
complex tectonic settings. To investigate the source processes of the earthquake doublet, we have performed
teleseismic waveform inversions using P-wave displacement records from the IRIS-DMC database. The results
of the inversions are consistent with the direction of the subduction along the New Guinea trench for both of the
earthquakes. Significant slips exceeding 5.0 m appear near the hypocenters, and the slip distributions look to
be complementary to each other. The rupture starting point of the second event is close to the edge of the slip
distribution of the first event. Our source models support the triggering mechanism of doublet events suggested by
Lay and Kanamori (1980). The results also suggest the state of stress in the Irian Jaya region and the mechanism
of earthquakes in this subduction zone.
Key words: Earthquake doublet, New Guinea trench, waveform inversion, source process, triggering.

1. Introduction
An earthquake doublet occurred on January 3, 2009 UT

along the northern coast of Irian Jaya, eastern Indonesia. As
the result of this earthquake doublet, five people were killed,
several hundred were injured, and around 800 buildings
were damaged in the cities located close to the epicentral
area (USGS Earthquake Summary Poster, 2009). Accord-
ing to the Global Disaster Alert and Coordination System
(GDACS), the tsunami generated by this earthquake dou-
blet reached a height of 1.8 m in the coast region of Irian
Jaya, though no tsunami warning was issued. As reported
by USGS, the first event of moment magnitude (Mw) 7.6,
occurred at 19:43:54 UT. Three hours later at 22:33:42 UT,
the second event of Mw 7.4 took place 60 km east of the
first one. The USGS located the epicenters of the events
close to the northern coastline of Irian Jaya, which is the
western part of the New Guinea Island, and the western-
most part of the New Guinea trench (Fig. 1). They are
about 400 km west of the Mw 8.2 earthquake on February
17, 1996. Around 100 people were killed by this large off-
shore earthquake and associated tsunamis.

Eastern Indonesia is located inside the region of complex
tectonics controlled by the motions of the Eurasia, Aus-
tralia, Pacific, Philippine Sea, and numerous small plates
(Fig. 1). This area is also known for its high seismic activity
with frequent events of magnitude 7 to 8. Within the Irian
Jaya region, the Australia plate collides with the oceanic
Pacific and Philippine Sea plates at a rate of 110 mm/yr and
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an azimuth of 245 degree (DeMets et al., 1990). GPS mea-
surements of crustal deformation (Puntodewo et al., 1994;
Bock et al., 2003) and seismic profiling studies (Milsom et
al., 1992) show that the convergence between the Australia
and Pacific plates in the Irian Jaya region is partially accom-
modated by crustal thickening in the onland regions of the
Bird’s Head plate. The rest of the convergence between the
two plates is accommodated by the southward subduction
of the oceanic plate beneath the Bird’s Head plate along the
New Guinea and Manokwari trenches (Puntodewo et al.,
1994; Bird, 2003).

According to the Global CMT Project, the earthquake
doublet of January 3, 2009 UT had similar seismic mo-
ments and thrust faulting mechanisms that corresponds to
the faulting on the plate boundary along the New Guinea
trench. These focal mechanisms are consistent with the di-
rection of subduction of the oceanic slab beneath the Bird’s
Head plate. The New Britain and Solomon Islands regions
located east of the Irian Jaya region are also well known
for large shallow thrust events (Mw > 7.0) that have ten-
dency to occur in closely related pairs (Table 1). These
earthquake doublets are represented by the similarly sized
events that occur at nearly the same time and location (Lay
and Kanamori, 1980; Schwartz et al., 1989; Park and Mori,
2007). Lay and Kanamori (1980) reported that such a dou-
blet behavior is a true characteristic of the regions due to
the complex tectonic settings. They explained the doublet
events as a result of the mechanism of seismic triggering
that reflects the state of stress on the fault plane and litho-
spheric coupling between the Pacific and Australia plates.

The 2009 Irian Jaya earthquake doublet may correspond
to the shallow thrust doublets in the New Britain and
Solomon Islands regions (Fig. 1). Detailed knowledge of
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Fig. 1. Tectonic features of the Eastern Indonesia and Papua New Guinea after Bird (2003). The stars represent the epicenters of the doublet events
discussed in this study (their detailed information is given in Table 1). Heavy black lines denote the boundaries of the Sunda (SU), Molucca Sea
(MS), Banda Sea (BS), Timor (TI), Bird’s Head (BH), Maoke (MO), Australia (AU), Caroline (CL), Woodlark (WU), North Bismarck (NB), Manus
(MN), South Bismarck (SB), Solomon Sea (SS), Philippine Sea (PS), and Pacific (PA) plates (after Bird, 2003).

Table 1. Parameters of earthquake doublets in the region. Doublet numbers correspond to Fig. 1. We define the earthquake doublet as being composed
of two earthquakes with similar sizes: difference in moment magnitude of the events must be ≤ 0.3.

Doublet no. Event Origin time Latitude Longitude Depth Mw Reference

(UT) (deg) (deg) (km)

1 July 14, 1971 06:11:29 −5.52 153.86 43 8.0 Lay and Kanamori (1980)

July 26, 1971 01:23:21 −4.93 153.18 43 8.1

2 Jan. 31, 1974 23:30:05 −7.50 155.90 16 7.3

Feb. 01, 1974 03:12:33 −7.80 155.60 16 7.4

3 July 20, 1975 14:37:39 −6.60 155.10 43 7.6

July 20, 1975 19:54:27 −7.10 155.20 43 7.3

4 May 17, 1992 09:49:19 7.24 126.64 32 7.1 Global CMT Catalog

May 17, 1992 10:15:30 7.19 126.76 33 7.2

5 Nov. 16, 2000 07:42:16 −5.23 153.10 26 7.5 Park and Mori (2007)

Nov. 16, 2000 21:01:56 −5.49 151.78 36 7.4

6 Jan. 03, 2009 19:43:54 −0.51 132.78 15 7.6 This study

Jan. 03, 2009 22:33:42 −0.71 133.34 12 7.4

the source process and slip distribution of this earthquake
doublet is essential for understanding the state of stress in
the Irian Jaya region. It is also helpful for understanding
the triggering mechanism of earthquakes in a subduction
zone. To study the source process and slip distribution, we
performed source inversions using teleseismic body-wave
data.

2. Data and Method
Teleseismic records collected by the Data Management

Center of the Incorporated Research Institute for Seismol-
ogy (IRIS-DMC) were used to infer the source processes
of the 2009 Irian Jaya earthquake doublet. We retrieved
broadband seismograms from IRIS-DMC for the stations at
epicentral distances of 30 to 100 degrees, taking into con-
sideration the quality of records and the azimuthal cover-
age of the stations. 45 and 44 vertical P-wave components

were selected for the 19:43 UT and 22:33 UT events, re-
spectively. The global distribution of the selected teleseis-
mic stations is shown in Fig. 2. In order to keep similar
conditions of analysis, the same stations were used for both
the 19:43 UT and 22:33 UT events, as far as possible. The
only exception is DGAR station, where no record was avail-
able for the 22:33 UT event (Fig. 2). The original velocity
waveforms from the selected stations were windowed for 90
or 80 s, starting 20 s before the P-wave arrival, band-pass
filtered between 0.005 and 1 Hz, and then converted into
ground displacements at a sampling interval of 0.5 s.

To obtain the source processes of the 2009 Irian Jaya
earthquake doublet, we analyzed each of the events sepa-
rately using the standard fault parameterization and wave-
form inversion scheme by Kikuchi and Kanamori (1991)
and Kikuchi et al. (2003) with the Green’s functions cal-
culated after Kikuchi and Kanamori (1991). The velocity
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Fig. 2. Global distribution of teleseismic broadband stations (black dots)
used for the waveform inversions of the 19:43 UT and 22:33 UT events.
The stars represent the epicenters of the events, which are completely
overlapped. The inner and outer large circles represent the epicentral
distances of 30 and 100 degrees, respectively. Map is drawn onto an
azimuthal equidistant projection.

Table 2. Velocity structure derived from the Jeffreys-Bullen model.

Vp Vs Density Thickness

(km/s) (km/s) (103 kg/m3) (km)

5.57 3.36 2.65 15.0

6.50 3.74 2.78 18.0

8.10 4.68 3.30 —

structure assumed for the theoretical teleseismic body wave
calculation is based on the Jeffreys-Bullen model (Table 2;
Jeffreys and Bullen, 1958).

We assumed that the rupture occurred on a single fault
plane and adopted the epicenter at (0.51◦S, 132.78◦E) with
a focal depth of 35 km for the 19:43 UT event, and the epi-
center at (0.713◦S, 133.336◦E) with a focal depth of 35 km
for the 22:33 UT event, as initially reported by USGS. To
determine the focal mechanism and relocate the focuses
of the events we performed the point source inversions of
Kikuchi and Kanamori (1991). The best waveform fit was
achieved by the focal depths of 15 km for the 19:43 UT
event and 10 km for the 22:33 UT event. These values
correspond to the centroid depth of the entire fault motion,
rather than the depth of the rupture starting point. The re-
sultant best fit solution of the point source analysis indicate
reverse faulting with low-angle south-dipping fault planes:
(strike, dip, slip) = (107◦, 31◦, 67◦) and (100◦, 28◦, 57◦) for
the 19:43 UT and 22:33 UT events, respectively (Fig. 7).
Those agree with one of the nodal planes of (98◦, 28◦, 49◦)
and (99◦, 25◦, 68◦) from the solutions by the Global CMT
Project. This agreement supports the assumption that the
same thrust faulting mechanism along the subducting plate
boundary generated both events.

We next inverted the waveforms for the spatio-temporal
slip distributions on the finite fault planes (Kikuchi et al.,

2003) with the geometry determined from the point source
analyses. We also performed grid search in order to de-
termine the depths of the rupture starting points for the fi-
nite fault planes of both the events by varying the depth
at 1 km interval. The dimensions of the fault planes for
both the events were determined based on the aftershock
distributions and the scaling of characterized slip mod-
els for Japanese plate-boundary earthquakes proposed by
Murotani et al. (2008). The fault parameterization and the
results of the waveform inversions are discussed below sep-
arately for each event.

3. Results
3.1 January 3, 2009, 19:43 UT event

The fault plane is assumed to be 150 km in length by
60 km in width, based on the distribution of USGS loca-
tions for the aftershocks preceding the 22:43 UT event. We
then divided the fault plane into 15×6 subfaults with a di-
mension of 10 km. The temporal variation for the moment-
rate function of each subfault is represented by a series of
four overlapping triangle functions with 2 s half-durations
and 2 s lag offsets. We performed the waveform inversions
for several rupture front velocities and hypocenter depths,
and chose the best-fit solution. The rigidity around the fault
plane was assumed to be µ = 35 GPa from the velocity
structure model (Table 2).

The best-fit solution of the waveform inversions is shown
in Figs. 3 and 4. This solution, minimizing the residu-
als between the observed and synthetic waveforms, was
obtained for the rupture front velocity of 2.5 km/s. The
depth of the rupture starting point estimated from the grid
search analysis is 15 km, which confirms the result of the
point source analysis. Figure 3 compares the observed
and synthetic seismograms showing good agreement be-
tween them. Figure 4(a) illustrates the fault geometry de-
termined by the point source analysis together with the in-
cident points of teleseismic body waves. The source time
function (Fig. 4(b)) indicates that a total seismic moment
M0 of 3.28×1020 N m (Mw 7.6) was released during a pe-
riod of 46 s. The slip distribution over the fault plane
(Fig. 4(c)) shows the existence of a main asperity with the
maximum slip of about 5.9 m near the hypocenter. Most
of the rupture occurred on the northwestern part of the fault
plane, covering on area of about 100 km in length by 60 km
in width. This main asperity extends towards the shallow
part of the fault plane. A few secondary asperities smaller
than the main one can be also found in the slip distribution.
The fault rupture bilaterally propagated from the hypocen-
ter, and its eastern branch reached the hypocenter of the sec-
ond event (Fig. 4(c)).
3.2 January 3, 2009, 22:43 UT event

For the second event at 22:43 UT, we defined the fault
plane dimension to be 90 km in length by 40 km in width
based on the scaling relation proposed by Murotani et al.
(2008) and constraining the fault plane from intersecting the
free surface. It is impossible to use the aftershock distribu-
tion in order to define the fault plane of the event, since the
aftershocks of the 19:33 UT event and the aftershocks of
the 22:43 UT event are mixed temporally and spatially. The
fault plane was divided into 9×4 subfaults with a dimension
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Fig. 3. Comparison of the observed (solid black lines) and synthetic (gray lines) displacement waveforms for the best-fit solution of the 19:43 UT event.
The number above the station code indicates the maximum amplitude in micro-meter and the number below the station code is a source-to-station
azimuth.

Fig. 4. Result of the teleseismic waveform inversion for the 19:43 UT event. (a) focal mechanism solution, (b) moment-rate function, and (c) slip
distribution plotted at contour intervals of 0.5 m. The white and the black stars indicate the hypocenters (rupture starting points) of the 19:43 UT and
22:33 UT events, respectively. The arrows denote slip vectors of the hanging wall relative to the footwall.

of 10 km. As for the 19:33 UT event, the moment-rate func-
tion of each subfault was decomposed into a series of four
triangle functions with 2 s half-durations and 2 s lag offsets.
The inversion method and assumed rigidity were the same
as in the case of the 19:33 UT event.

The comparison of the observed and synthetic waveforms

is given in Fig. 5 and the best-fit model is shown in Fig. 6.
The seismic moment M0 is estimated to be 1.53×1020 N m
(Mw 7.4). The source time function (Fig. 6(b)) suggests the
total rupture time to be about 25 s. The depth of the rupture
starting point is found to be 12 km. The slip distribution
over the fault plane (Fig. 6(c)) shows a single asperity with
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Fig. 5. Comparison of the observed (solid black lines) and synthetic (gray lines) displacement waveforms for the best-fit solution of the 22:33 UT event.
The number above the station code indicates the maximum amplitude in micro-meter and the number below the station code is a source-to-station
azimuth.

Fig. 6. Result of the teleseismic waveform inversion for the 22:33 UT event. (a) focal mechanism solution, (b) moment-rate function, and (c) slip
distribution plotted at contour intervals of 0.5 m. The star indicates the hypocenter (rupture starting point), and the arrows denote slip vectors of the
hanging wall relative to the footwall.

the maximum slip of 5.6 m near the hypocenter, and the rup-
ture extended towards the shallow part of the fault, similarly
to the 19:33 UT event. The best solution for the rupture ve-
locity was found to be 2.8 km/s. It can be observed that the
total asperity area of this event is smaller than that for the
19:33 UT event.

4. Discussion and Conclusions
Figure 7 shows the horizontal projections of the rupture

areas and slip distributions of the 2009 Irian Jaya earth-
quake doublet determined by the teleseismic waveform in-

versions. The rupture areas are consistent with the after-
shock distribution and the scaling relation by Murotani et
al. (2008). The doublet events have almost the same focal
mechanism and similar seismic moments of 3.28×1020 N m
and 1.53×1020 N m. The focal mechanisms agree with the
southward underthrusting of the Pacific Sea plate beneath
the Bird’s Head plate along the New Guinea trench, sug-
gesting that the doublet occurred on the boundary of these
two plates. According to the slip distributions of both the
events (Figs. 4, 6, and 7), significant slips exceeding 5.0 m
occurred near the hypocenters. The slip distributions of the
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Fig. 7. Projections of the slip distributions for the 2009 Irian Jaya earthquake doublet onto the tectonic map (green: 19:43 UT event, blue: 22:33 UT
event). The contour interval is 1.0 m; the first contour given is 0.5 m. The red stars represent the USGS epicenter locations. The aftershocks of both
the events determined by USGS within a month after the events are plotted by gray open circles. The focal mechanisms obtained in the present study
are also shown with the moment magnitudes and focal depths.

earthquakes look to be complementary to each other. The
rupture starting point (hypocenter) of the 22:43 UT event is
located close to the eastern margin of the slip distribution of
the 19:33 UT event. If we define an asperity to be a zone of
slip larger than half of the maximum slip (Yamanaka and
Kikuchi, 2004), it can be seen that both the events have
compact asperities around the hypocenters. The asperities
are well separated one from the other and much smaller than
the whole rupture areas. The teleseismic waveforms gen-
erated by such asperities are rather simple and impulsive
(Figs. 3 and 5).

The source characteristics of the 2009 Irian Jaya earth-
quake doublet are very similar to the Solomon Islands
doublets (Fig. 1 and Table 1), as described by Lay and
Kanamori (1980) and Park and Mori (2007). Lay and
Kanamori (1980) first noted that large shallow earthquakes
in the Solomon Islands and New Britain Islands regions
tend to occur in closely related pairs. Events are typi-
cally separated by a few hours or several days in time and
50∼100 km in space. This behavior has been attributed to
a specific pattern of plate boundary heterogeneity consist-
ing of small strong asperities spaced close together. The
rupture of one asperity induces high, rapidly accumulated
stress concentration in adjacent areas and can generate the
second similar event. We expect the same triggering mech-
anism to be responsible for the doublet events of the Jan-
uary 3, 2009 in Irian Jaya. The distinct nature of this be-
havior can be attributed to the complex tectonic configu-
ration of the area and implies the existence of localized
strong coupling between the lithospheric plates along the
New Guinea trench. However, it has to be noticed that even
though the asperities of the doublet events of the January 3,
2009 from Irian Jaya are well separated one from the other,
there exist a significant overlap in the rupture areas of the
first and second events. This may indicate that the actual
mechanism of doublet triggering for these events is more

complex than the one for the well separated earthquakes
in the Solomon Islands and New Britain Islands (Lay and
Kanamori, 1980). We would also point out that the number
of large earthquake doublets (Mw > 7.0) in the Irian Jaya
region is much smaller than in the Solomon Islands region.
This can be explained by lower seismicity along the New
Guinea trench. The result of the GPS studies (Puntodewo et
al., 1994; Bock et al., 2003) also explain the small number
of large earthquake doublets by suggesting that the subduc-
tion along the New Guinea trench only partially accommo-
dates the oblique convergence between the Pacific and Aus-
tralia plates. The rest of the convergence is accommodated
by crustal thickening in the inland part of the Bird’s Head
plate. This fact represents a significant difference between
the Solomon Sea plate and the Bird’s Head plate.
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