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A AMBIKAPATHY, J K CATHERINE, V K GAHALAUT,
M NARSAIAH, A BANSAL and P MAHESH

National Geophysical Research Institute, Council of Scientific and Industrial Research, Hyderabad 500 007, India.

*e-mail: vkgahalaut@yahoo.com

The 12 September 2007 great Bengkulu earthquake (M, 8.4) occurred on the west coast of Sumatra
about 130 km SW of Bengkulu. The earthquake was followed by two strong aftershocks of M, 7.9
and 7.0. We estimate coseismic offsets due to the mainshock, derived from near-field Global Posi-
tioning System (GPS) measurements from nine continuous SuGAr sites operated by the California
Institute of Technology (Caltech) group. Using a forward modelling approach, we estimated slip
distribution on the causative rupture of the 2007 Bengkulu earthquake and found two patches of
large slip, one located north of the mainshock epicenter and the other, under the Pagai Islands.
Both patches of large slip on the rupture occurred under the island belt and shallow water. Thus,
despite its great magnitude, this earthquake did not generate a major tsunami. Further, we sug-
gest that the occurrence of great earthquakes in the subduction zone on either side of the Siberut
Island region, might have led to the increase in static stress in the region, where the last great

earthquake occurred in 1797 and where there is evidence of strain accumulation.

1. Introduction

In the region of Sumatra, oblique plate convergence
between the India—Australia and Sunda plates at
the rate of about 6cm/year in the north-east-
north direction is partitioned into the arc normal
motion in the frontal arc and arc parallel motion
on the Sumatra fault system in the back arc
region (Fitch 1972; McCaffrey 1992; Curray 2005;
Gahalaut and Gahalaut 2007; Chlieh et al 2008).
Thus thrust earthquakes occur along the subduc-
tion zone while strike slip earthquakes occur along
the Sumatra fault system. Previous great earth-
quakes in the Mentawai and Nias regions (figure 1)
occurred in 1797 (M, 8.7-8.9), 1833 (M, 8.9-
9.1), and in 1861 (M, 8.5) (Lay et al 2005;
Natawidjaja 2006; Subarya et al 2006; Chlieh et al
2008; Konca et al 2008). More recently, 2005 Nias
earthquake occurred in the source region of 1861
earthquake (Gahalaut and Catherine 2006). The
recent Bengkulu earthquake of 12 September 2007

(M, 8.4, origin time 11:10:26 UTC) occurred in
the source region of 1833 and 1797 earthquakes.
The great earthquake was followed by two major
earthquakes with M, 7.9 on 12 September 2007 at
23:49:03 UTC and M, 7.0 on 13 September 2007
at 03:35:28 UTC. The aftershocks that followed the
great Bengkulu earthquake occurred in a 300 km
long region between the earthquake epicenter and
Sipora Island. The estimated focal mechanisms
of the great earthquake and two major after-
shocks show thrust faulting, on a plane parallel
to the general trend of the trench with a dip of
about 12° (figure 1) at a shallow depth of about
30km (Engdahl et al 2007), suggesting that this
earthquake occurred in the frontal arc on the
plate interface. About 25 persons were killed due
to the earthquake. The areas worst hit by this
earthquake are the West Sumatra and Bengkulu
provinces, including Mentawai Islands. The earth-
quake generated a moderate near-field tsunami
which was destructive at certain locations (Fuji
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Sumatra subduction zone and the ruptures of historical great earthquakes in the Sumatra forearc region (Lay

et al 2005; Natawidjaja et al 2006; Subarya et al 2006; Chlieh et al 2008; Konca et al 2008). The inset at the bottom left
corner shows the location of the figure within the Andaman Nicobar and Sumatra subduction zone. The largest red star
shows the epicenter of the great 2007 Bengkulu earthquake. Other two red stars show two major aftershocks of M, 7.9
and 7.0. Focal mechanisms of these earthquakes are also shown. Aftershocks are shown with black circles. The four letter
words show the SuGAr sites where continuous GPS measurements are available. An IGS site, NTUS at Singapore, is also
shown. Coseismic offsets due to the mainshock and aftershocks are shown by the arrows. The elevation changes are shown

by vertical blunt arrows.

and Satake 2008; Borrero et al 2009). In the far-
field, the tsunami was relatively benign with no
damaging effects elsewhere in the Indian Ocean.

Here in this article, we estimate the rupture
parameters of the earthquake using the available
Global Positioning System (GPS) measurements
in the source region to analyse its implications in
terms of tsunami generation and future seismic
hazard in the region.

2. GPS measurements of coseismic
offsets

A very dense network of continuous GPS stations,
Sumatra GPS Array (SuGAr), in the Sumatra
region is operated by Tectonics Observatory,
California Institute of Technology (Caltech),
Lembaga Ilmu Pengatahuan Indonesia, Indonesian
Institute of Science (LIPI), and Scripps Orbit and
Permanent Array Center (SOPAC). We processed
and analysed GPS data using GAMIT/GLOBK
software (Herring 2000; King and Bock 2000) in the
ITRF2005 reference frame (Altamimi et al 2007)
from 12 SuGAr permanent sites (figure 1) that are
located within 300 km of the earthquake epicenter.

We used daily observation files and estimated coor-
dinates of these sites for five days prior to and
five days after the earthquake. We also included
SAMP (a permanent site operated by BAKOSUR-
TANAL, Indonesia) and other IGS sites surround-
ing the region. The sampling interval at most of the
SuGAr sites is 120 seconds which caused increase
in error in the site coordinates. The average error in
the horizontal is about 6 mm and vertical is 15 mm.
Low accuracy in the coordinates is mainly due to
higher sampling interval of 120 seconds against
the usual sampling interval of 30 seconds. We esti-
mated coseismic offsets at all these sites due to the
entire earthquake sequence by comparing the coor-
dinates before and after the earthquake sequence
(figures 1 and 2). The processing error is insignifi-
cant as compared to the coseismic offset derived
at these sites. We found that all the above SuGAr
sites experienced coseismic movement and at some
of these sites even postseismic movement can also
be seen (figures 2 and 3).

In an attempt to estimate the coseismic dis-
placement due to the 2007 Bengkulu earthquake,
we separately processed the GPS observations
recorded between the occurrence of the mainshock
and the first aftershock of M, 7.9. We could
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Figure 2. Variation in the north, east and up coordinates at a few selected sites. Black arrow shows the coseismic offset

due to the mainshock while two gray arrows show the offsets due to the two aftershocks of M,, 7.9 and 7.0. 0 on the abscissa
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Figure 3. Variation in the north, east and up coordinates at

PPNJ and NGNG where coseismic offsets are mainly caused
by the two aftershocks of M,, 7.9 and 7.0.

estimate the coseismic displacements at six sites
(figures 2-4 and table 1). Maximum horizontal
displacement of 1.2m occurred at a site, BSAT,
located at Pagai Island. Coseismic uplift at this site
was about 0.61 m. The sites on the island belt expe-
rienced uplift whereas those in the coastal Sumatra
region experienced subsidence. Two sites, PPNJ
and NGNG appear to have affected more by the
aftershocks than by the mainshock (figure 3).

3. Analysis of the coseismic offsets
and rupture slip model of 2007
Bengkulu earthquake

The pattern in the aftershocks and coseismic GPS
offsets (figure 4) suggest that:

e the 2007 Bengkulu earthquake rupture had a
length of about 300 km;

e high slip on rupture occurred somewhere in
between the earthquake epicenter and Pagai
Island, causing high coseismic displacement at
sites at Pagai Island;

e the updip edge of the rupture with high slip lies
close to the western coast of the island belt caus-
ing high uplift at a site, BSAT, at Pagai Island;

e the downdip edge of the rupture might have
extended close to western coast of the Sumatra;
and

e rupture probably did not extend up to the trench
in the updip direction, as seen from the absence
of aftershocks close to the trench and large
coseismic uplift at a site BSAT.

In an effort to estimate a slip model consis-
tent with the coseismic offsets derived from GPS
measurements, we adopted a forward modelling
approach. We used trial and error approach and
tried to minimize the discrepancy between the
coseismic displacements at simulated sites and that
estimated from the GPS measurements. Based on
the extent of the region of aftershocks, we assumed
a rupture length of 300 km whose updip edge coin-
cides with the cluster of aftershocks at a depth
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Slip model for the mainshock derived from the modelling of coseismic offsets at SuGAr GPS sites. Coseismic

offsets predicted by the model (gray colour arrows) are also shown. Two high slip patches, one north of mainshock epicenter
and another under the south Pagai Island region may be noted.

Table 1. Coseismic displacement due to the 2007 Bengkulu earthquake estimated at 10 SuGAr sites, and at two IGS sites,
namely, NTUS and COCO. Nogset and FEomser indicate the horizontal displacement in the north and east directions while

Upogser COTTESPONAS to vertical displacement.

Estimated coseismic displacement from
GPS measurements (cm)

Predicted coseismic displacement
using slip model (cm)

Sl

no. Site Lat. Long. Noffset Eoffset Ubo st Nofrset Eofrset Ubofset
1. BSAT —3.06 100.28 —87.4+0.6 —83.3£0.8 60.8 £ 3.0 —83.1 —83.3 54.5
2. COCO —12.11 96.83 0.5+04 0.2+0.7 — 0.3 0.3 0.1
3. JMBI —1.60 103.52 —4.3+0.6 —454+1.0 - —4.2 —5.1 0.2
4. LAIS —3.50 102.03 —36.2 0.6 —61.7+1.0 —11.74+ 3.0 —27.8 —62.1 —21.8
5. LNNG —2.27 101.16 —33.24+0.6 —16.7+0.6 —-3.0+2.0 —36.1 —18.9 74
6. MKMK —2.52 101.09 —52.7+0.6 —30.4+1.0 —10.6 £ 2.0 —54.6 —31.1 —16.6
7. MLKN —5.32 102.28 —1.6£0.6 1.8+1.0 —-1.0+24 —24 1.9 —-1.5
8. MNNA —4.42 102.89 —0.8£0.6 —4.0+1.0 —-1.8+24 —0.3 —6.1 —-1.9
9. NTUS 1.34 103.68 —-0.7+04 —-0.8+1.5 — —-1.5 —1.1 0.1

10. PRKB —2.95 100.39 —95.8+0.6 —73.1+£0.8 —11.24+2.6 —92.3 —75.1 —20.5

11. SLBU —2.75 100.01 -92+1.0 —20.2+2.0 7.44+4.0 —11.6 —16.9 3.3

of 13km and whose downdip edge lies at a depth
of 40km. We assumed the dip of the rupture to
be 12°. We divided this rupture into 28 subfaults
(4 along the width and 7 along the length) and
estimated slip on these subfaults using trial and
error method in such a way that the discrepancy
between the GPS estimated coseismic offsets and
predicted offsets decreases. Predominantly reverse
slip occurred during this earthquake. We estimated
two patches of maximum slip of 6-7m occurred

under the Pagai Island and about 200 km NW of
mainshock epicenter (figure 4). The average root
mean square (rms) error for this model is 3.3 cm.
The high slip region under the Pagai Island is con-
sistent with the high seismic coupling in the region,
as inferred by Chlieh et al (2008) on the basis of
interseismic geodetic data.

Though we adopted a fairly simple forward
modelling procedure, our rupture model is con-
sistent with a recently published model (Konca
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Slip model of Lorito et al (2008) and the coseismic offsets predicted by the model (gray colour arrows). It can

be seen that the predicted coseismic offsets are much smaller than those estimated from the SuGAr measurements.

et al 2008) which involved inversion of GPS
measurements, field measurements of observed
coseismic uplift, Synthetic Aperture Radar (SAR)
interferometry and seismic waveforms of the earth-
quake. Our rupture model yields a moment magni-
tude (M,,) for this earthquake as 8.3. Our lower
estimated value of M,,, against the 8.4 estimated
by Konca et al (2008), could be due to the lower
dip of rupture assumed by us. Konca et al (2008)
used a dip of 15° thus pushing the rupture to lower
depth. Moreover, Konca et al (2008) used addi-
tional data to constrain the slip model and M,,.
Lorito et al (2008) reported a rupture model
for the earthquake based on the tsunami waves
recorded at tide gauge stations. They indicated
thrust slip on the 12° dipping plate boundary
interface with high slip reaching 13-14m on a
patch southeast of the Pagai Island. We tested
whether this model is consistent with the coseismic
offsets derived from GPS measurements. Figure 5
shows the response of their model at SuGAr sites.
The average rms error for this model is 52.3 cm.
Clearly, their model predicts very low coseismic
offset at sites which experienced very high off-
sets. The apparent reason for such a misfit is that
the single high slip patch proposed by them lies
southeast of the sites at the South Pagai Island
where highest coseismic offsets occurred. Simi-
lar situation applies to the slip model proposed
by C Ji (http://www.geol.ucsb.edu/faculty/ji/
big_earthquakes/2007/09/sumatra_ seismic.html)

derived from seismic waveforms. In this model
the two high slip patches are located even farther
southeast of the Pagai Island and the slip amount
is very less (maximum being only 3.5 m). Even this
model predicts less coseismic offsets at sites on the
Pagai Island and hence is not consistent with the
coseismic offsets derived from GPS measurements.
However, the model derived from combined GPS
measurements, field measurements of observed
coseismic uplift, Synthetic Aperture Radar inter-
ferometry and seismic waveforms of the earth-
quake (Konca et al 2008) is consistent with our
model.

We suggest that the derived slip model here or
that of Konca et al’s (2008) represents the actual
slip distribution during the earthquake. The rup-
ture model derived from tsunami waveform data
may not be sensitive to the additional northern
slip patch under the island belt and shallow water.
So if there was high slip on the rupture under the
island belt and surrounding shallow water region,
this region would not have displaced large volume
of water and hence did not contribute significantly
in tsunami generation (Geist et al 2006). Thus the
tsunami waveform data at the tide gauge stations
could not adequately resolve slip under the island
belt and shallow water. The slip model derived
from seismic waveform data alone is not very sensi-
tive to the location of high slip patch as it is derived
from far-field data from stations at teleseismic
distances.



558
"
o
.0
INDIAN AND
=4 AUSTRALIAN
PLATES
.6‘
= =
10 08 06 04 02 .00 0.2 04 06 0B 10
B
96’ 98’
Figure 6.

A Ambikapathy et al

Static stress change (in bars) on optimally oriented planes in the region, caused by the 2005 Nias and 2007

Bengkulu earthquakes. High stress in the Siberut Island region may be noted.

4. Seismic hazard in Siberut Island
region

Seismic hazard in the Siberut Island region is
a matter of concern as in this region the last
great earthquake occurred in 1797. The rupture
of the 2007 Bengkulu earthquake occurred in the
region where ruptures of the great earthquakes of
1833 and 1797 overlapped (Natwidjaja et al 2006).
The 2007 rupture did not extend beneath the
Siberut Island region. The rupture of the 2005 Nias
earthquake occurred in the region of 1861 earth-
quake, which is to the NW of the Siberut Island
region. Thus no great earthquake has occurred
in the Siberut region in the past 200 years
and there are indications of strain accumulation
in the region (Prawirodirdjo et al 1997; McCaffrey
2002; Simoes et al 2004). The occurrence of two
great earthquakes in frontal arc on either side of
the Siberut Island region may have increased static
stress (Toda et al 2005) in the region, in a way
similar to the case where 2004 Sumatra Andaman
earthquake increased stress in the rupture zone of
2005 Nias earthquake (Gahalaut and Kalpna 2005;
McClosky et al 2005). We calculate the Coulomb
stress using the slip model of 2005 Nias earth-
quake (Briggs et al 2006; Gahalaut and Catherine
2006; Hsu et al 2006) and the slip model of the
2007 Bengkulu earthquake, derived here (figure 6).
The two earthquakes on either side of the Siberut
region have clearly increased stress in this region,
thus bringing this region of high seismic coupling

(Chlieh et al 2008) further closer to the failure than
it was before the occurrence of the two earthquakes
(Borrero et al 2006). In fact the largest magnitude
aftershock (M, 7.9) that followed the mainshock
after 12 hours, occurred in the increased stress
region (figure 6). Due to the non-availability of
the detailed rupture parameters for this aftershock,
we did not asses its effect on the Siberut region.
However, as even this aftershock had similar focal
mechanism (figure 1) as that of the mainshock,
we suggest that even this aftershock increased the
stress in the Siberut region.

5. Conclusions

The 2007 Bengkulu earthquake occurred in a
region of dense GPS network. These measurements
provided estimates of high coseismic displacements
reaching 1.2m. The modelling of these near-field
data suggests that the 250 x 100km?® earthquake
rupture on the gently dipping plate interface had
a maximum slip of 7m under the Pagai Island.
Majority of the slip on the rupture was confined
in the depth range of 13-40km and the rupture
did not extend till the trench. The earthquake,
despite its large size, did not generate a major
tsunami as most of the high slip occurred under
the islands and shallow water, so that the volume
of the water displaced by the coseismic uplift was
very less to cause any major tsunami. From the his-
torical records of great earthquakes in the region,
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it appears that the recurrence interval of the great
earthquake in the region is about 150 years (vary-
ing from 144 years in Nias to 174 years in Sipora
and Pagai Island regions), as the last earthquake
in this region occurred in 1833 (Natawidjaja et al
2006). If that applies to the Siberut Island region
as well, then even this region may experience
great earthquake sooner. In fact occurrence of 2005
Nias and 2007 Bengkulu earthquakes might have
already increased the stress in this region.
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