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SUMMARY

The Indo-Australian plate subducts obliquely beneath the Sunda plate leading to a slip parti-
tioning into pure thrust and strike-slip motion. Just in the last 5 yr, three pure thrust earthquakes
of My, > 8.4 have occurred along this subduction interface. The Great Sumatra Fault, travers-
ing the Sumatra continental block, takes up a significant part of the strike-slip motion, but the
Mentawai Fault bounding the NE margin of Mentawai Islands has been suggested to accommo-
date a part of the strike-slip motion. Although the great Sumatra Fault is active, no seismicity
has been observed along the Mentawai fault. Using a combination of high-resolution seismic
reflection and bathymetry data, here we show that the Mentawai Fault seems to be characterized
by active SW dipping backthrusts. The presence of recent steeply dipping thrust earthquakes
suggests that these faults should be active. Combined with results from north in 2004 earth-
quake region and south of this study area, our results suggest that backthrusting should play
an important role in forearc evolution SW of Sumatra. We also observed several mass wasting
sites at NE margin of the Mentawai Islands, which could be erosional features or landslides
triggered by earthquake activities. Localized uplift along the steeply dipping backthrusts at
the NE margin of Mentawai Islands in the fully locked region could pose serious seismic and
tsunami risks to the SW coast of Sumatra in the future.

Key words: Tsunamis; Seismicity and tectonics; Subduction zone processes; Continental

margins: convergent; Submarine landslides.

1 INTRODUCTION

The Sumatra subduction system is a classic example of oblique
convergence and slip partitioning as the Indo-Australian plate
subducts beneath the Burmese plate. The plate convergence rate
is ~60 mm yr~! and orthogonal to the subduction front near Java,
which reduces to 52 mmyr~! in the Northern Sumatra with an
obliquity of about 40° and becomes dominantly trans-current north
of Nicobar Island (Prawirodirdjo 2000; Prawirodirdjo et al. 2000)
with some convergence. Fitch (1972) suggested that the dextral
component of the relative motion between the two plates is accom-
modated by a trench-parallel strike-slip fault system. The seismic
activity and the linear shape of the Great Sumatra Fault (GSF)
seem to accommodate a significant part of the dextral motion
(McCaffrey et al. 2000). The 1900-km-long GSF traverses the con-
tinental block, roughly following the active Sumatran volcanic arc.
Recent GPS studies show a slip rate of ~10 mmyr~' south of the
equator that increases rapidly to 27 mmyr~! along the northern
part of the GSF (Bellier e al. 1999; Sieh & Natawidjaja 2000).

© 2009 The Authors
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The subduction front and the GSF are separated by a 300-km-wide
forearc deformation zone that includes about 60-km-wide active
accretionary prism, Mentawai Islands (or forearc ridges) and 150-
km-wide Mentawai forearc basin.

Based on a single channel seismic reflection study, Diament ef al.
(1992) suggested that the northeastern margin of the Mentawai
Islands might be a site for a secondary strike-slip fault, the Mentawai
Fault. Their interpretation was based on unmigrated seismic data
that indicated flower-like structures, which are generally attributed
to be due to strike-slip faults. Schluter et al. (2002) and Kopp
et al. (2001) have also imaged push-up ridges within the Mentawai
forearc basin, having flower structures indicating the presence of
a strike-slip fault. The presence of a secondary strike-slip fault
bounding the forearc basin also explained the difference in slip rates
between the northern and southern parts of the GSF. The linearity
of the NE border of the Mentawai Islands further supported the
possibility of a strike-slip fault along the margin, and hence it has
become accepted paradigm that the Mentawai Fault is of a strike slip
nature. However, there has been no strike-slip earthquake along the
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Mentawai Fault in the last 30 yr. Furthermore, recent GPS data do not
show any lateral motion between the Mentawai Islands and mainland
Sumatra, which along with the lack of strike-slip earthquakes in the
region led Natawidjaja et al. (2006) to suggest that the Mentawai
strike-slip fault has not been active for the last several thousand
years. To study the role the Mentawai Fault might play in seismic and
tsunami risk assessment, the Pre-Tsunami Investigation of Seismic
Gap (Pre-TIGap) survey was carried out as a part of the French-
Indonesian cooperation involving Institut de Physique du Globe de
Paris and the Indonesian research agencies (LIPI, BPPT and MGI).
In this paper, we present seismic reflection and bathymetric images
and interpret them along with other geological and geophysical
results.

2 Pre-TIGap 2008 EXPERIMENT

High-resolution bathymetry and multichannel seismic data were
acquired on board the LIPI research vessel Baruna Jaya VIII from
2008 February 15 to March 6. Seismic reflection data was acquired
using a 28-channel 750-m-long streamer at a group interval of 25 m.
Source consisted of four sleeve guns providing a total volume of
530 cubic inches at 1600 psi pressure and was fired every 25 m,
leading to a CDP bin spacing of 12.5 m. A total of 14 dip lines
were shot at 10-20 km intervals along the 350 km long northeast-
ern margin of Siberut-Sipora-Pagai Islands (Fig. 1). The length of
the lines varied from 20 to 40 km in water depth up to 1700 m.
The data were processed using standard processing sequence, for

98 99° 100°

example, noise removal, common mid point (CMP) binning, ve-
locity analysis and stacking. Since we had a short offset streamer,
the velocity was poorly estimated, and therefore we performed a
constant velocity (1500 ms~!) post-stack frequency wave number
migration to remove the diffraction effects.

The bathymetric data was acquired using EM1002, providing
horizontal and vertical resolutions of 3—5 and 1 m, respectively, in
water depths range from 50 to 1100 m. Single beam data allowed us
to extend the bathymetric data to deeper waters. Over 900 km? of
bathymetric data were acquired in five boxes, covering areas around
the seismic profiles in order to link surface morphological features
with structures at depth (Fig. 1).

3 BACKTHRUSTS

Four uninterpreted and interpreted seismic profiles from NW to
SE are shown in Figs 2 and 3, respectively, along with 2-km-wide
strips of bathymetry. The northernmost profile 13 is at the north-
eastern margin of the Siberut Island (Figs 2a and 3a). Near the
coast, towards SW end of the profile, between CMP 150 and 600, a
thick (up to 1750 ms) synclinal piggyback basin is imaged, which
is bounded by an asymmetric anticline (push-up ridge) in the NE.
A backthrust is imaged that seems to control the uplift of the push-
up ridge and dams the piggyback basin, which is clearly visible
on the bathymetric strip. Further northeastwards, the basin shows
a general evolution of a subsiding forearc basin, that is, thicken-
ing of sediments towards NE without any near surface extensional

101" 102 103"

Figure 1. Pre-TIGap study area. Seismic reflection profiles are shown in light grey lines, those shown in Fig. 2 in red and that in Fig. 3 in black. New
high-resolution bathymetry at NE margin of Mentawai Islands is in dark colours. The shallow dipping earthquakes with My, > 5 are shown by blue beach balls
and steeply dipping events by red beach balls. The locations are from Engdahl ez al. (2007) and the focal mechanism from Harvard CMT solution. Coloured
circles are the aftershocks of 2007 earthquake. The Inset shows the location of study area.
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Figure 2. Seismic images: Uninterpreted seismic reflection profiles from north to south: (a) 13, (b) 5, (c) 18 and (d) 24 along with 2.0 km bathymetry strips
along these profiles. Vertical to horizontal scale is 1:4. See Fig. 1 for location of profiles.
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Figure 3. Seismic images: Interpreted seismic reflection profiles from north to south: (a) 13, (b) 5, (c) 18 and (d) 24 along with 2.0 km bathymetry strips along
these profiles. Backthrusts are marked in red. MBT: main backthrust, FBT: frontal backthrust. FBT is imaged along profiles 1, 3, 5, 11, 16 and 18. Vertical to
horizontal scale is 1:4. See Fig. 1 for location of profiles.
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Figure 4. Bathymetry: 3-D view of bathymetry NE of Siberut Island. MBT: main backthrust (red), CBT: coastal backthrust (black). Push-up ridges are marked

by purple arrows and dashed black line bounds mass wasting.

faulting. Two types of deformation are observed in this region: gen-
tle folding and northeastward tilting of deeper sediments, suggesting
alarge-scale (basin-scale) deformation, and nearly flat upper 300 ms
sediments reflecting recent subsidence. Profile 15 (Fig. 1), which is
18 km further northwest, shows similar features.

Profile 5 (Figs 2b and 3b) is at the southern end of the Siberut
Island at 65 km SE of profile 13 and shows two terraces of syn-
clinal piggyback basins, bounded by asymmetric anticlinal push-up
ridges. The coastal piggyback basin is similar to that imaged on
profile 13, but has thicker recent sediments. The synclinal nature of
the folded sediments in these basins suggests that they are produced
by back thrusting and folding, not by tilting of normal fault blocks.
On the NW side, the piggyback basin is bounded by a backthrust
controlling the uplift of the island, which we call coastal back thrust
(CBT). In NE, the piggyback basin and the associated anticlinal
push-up ridge are uplifted by two backthrusts that arrive on the
seafloor near the slope breaks. Further northeastwards, the second
piggyback basin at a water depth of 1300 m is also 5.5 km wide
(CDP 1440-1880), but consists of much thicker folded sediments,
and is bounded by a SW dipping active thrust fault at its NE side.
This thrust fault is localized and has been imaged around profiles
5 and 11, but is absent on profile 7, and could be considered as
a frontal thrust/fold (FBT), similar to the frontal thrust observed
near the subduction front (Singh et al. 2008). Therefore, we sug-
gest that the thrust bounding the first piggyback basin with a high
bathymetric relief (600 m) is the main backthrust (MBT).

Profile 18 (Figs 2¢ and 3c) was shot between Sipora and North
Pagai Islands, at about 100 km SE of profile 5. An eroded piggy-
back basin above an unconformity is imaged (CMP 150-950). A
well-developed piggyback basin and an asymmetric push-up ridge
are present. The upper sediments in the piggyback basin are hor-
izontal above thick folded and deformed sediments. The push-up
ridge seems to consist of older and deformed sediments. A clear
backthrust (FBT) is observed at the slope break NE of the push-up
ridge. Just NE of the FBT, sediments show signs of folding, which
could be due to a blind thrust at depth or rapid increase of sub-
sidence northeastwards. The MBT is not well imaged along this
profile. Profile 16, which is about 30 km NE, shows similar piggy-
back basin and FBT but also the MBT and the associated piggyback
basin, suggesting that MBT should be present until profile 16.

Profile 24 (Figs 2d and 3d) is at the NE margin of South Pagai
Island. It shows a piggyback basin, bounded by a push-up ridge and
associated MBT. Profiles 20 and 22, respectively 20 and 35 km NW

© 2009 The Authors, GJI, 180, 703-714
Journal compilation © 2009 RAS

of profile 24, show similar features, suggesting that the deformation
is mainly localized at MBT, which is imaged over a significant part
(350 km) of the NE Mentawai Islands. The CBT might be present,
but is poorly imaged.

Profile 26 is about 60 km SE of profile 24, south of the chain of
Mentawai Islands. It shows a backthrust at the slope break at 700 m
water depth and a 6-km-wide local basin, which might be the pig-
gyback basin. Our profiles do not cross the whole forearc basin, and
therefore, it is possible that there could be other structures further
NE of our profiles that might accommodate strike-slip motion.

4 BATHYMETRIC IMAGE

The bathymetry data allow us to determine the lateral continuity
of the features observed on the seismic profiles along the whole
margin (Figs 4 and 5). The bathymetric data clearly show a carbonate
platform at 60—100 m water depth, which might be the shoreline
formed during the last glacial maximum. The water depth suddenly
increases to 600 m with a steep slope (30°), which shows a strong
erosional features and canyons. The CBT is clearly visible at the
slope break around 650 m water depth. The 5-6 km wide nearly
flat basin (piggyback) is observed all along the margin (Fig. 4),
which is bounded by a push-up ridge and the associated MBT. The
bathymetry near Sipora Island (Fig. 5a) also shows the carbonate
platform at 60—-100 m water depth and CBT at the slope break at 600
m water depth. The piggyback basin and push-up ridge could also
be seen. The first slope break at the South Pagai Island (Fig. 5b) is
at shallower water depth (400 m) but the piggyback basin and push-
up ridge can be clearly identified. There is a second slope break at
1100 m water depth, which should corresponds to the MBT. The
combined bathymetry and seismic reflection data suggest that there
are three backthrusts along the NE margin of Mentawai Island. The
amount of vertical displacement along these faults is variable along
the margin.

5 MASS WASTING

The bathymetric data also show some mass wasted region at the
NE margin of Siberut Island (Fig. 4). Two of them are associated
with canyons, and others are not, and hence they could be produced
either by a long-term erosional process or during mass wasting. The
push-up ridge seems to have been chopped off by mass wasting be-
tween 1.30°S and 1.50°S tick marks. The sharpness of the walls in
some of the mass wasted regions suggests that some material might
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Figure 5. Sipora and South Pagai Islands bathymetry: Interpreted bathymetry at NE margin of Sipora (a) and South Pagai (b) Islands. See Fig. 1 for the

location of survey area.

have been removed during landslides. The poor reflective layers be-
tween sedimented layers on seismic images (e.g. Figs 2b and 3b)
suggest the existence of large mass wasted material that could only
have been produced by turbiditic sequence and should be due to
mass wasting. Layering in this poor reflective zone could have been
produced by different episodes of mass wasting. A triangle-shaped
(8-10 km) mass wasted region is observed at NW of the survey
area around seismic profile 11 (1.35° S; Fig. 6). The seismic reflec-
tion profile going through the mass wasted region (Figs 6b and c)
shows the absence of the main push-up ridge and the upper sedi-
ments of the piggyback basin, suggesting that significant part of the
sediments have been removed. It also shows a thick layer of poor
reflective sediments, which are likely to have been deposited during
mass wasting, and therefore, we suggest that this mass wasted re-
gion is produced during mass wasting. The age of the mass wasting
is difficult to determine from seismic and bathymetric data. The
seismic image also shows the FBT and associated piggyback basin
that contains about 500 ms thick layer of poor reflective sediments

(orange colour), which could be debris flow (Fig. 6¢). If we assume
that the initial bathymetry was the same as that along profile 5, a
500 ms of sediments should have been removed in this area. If we
assume a sediment velocity of 1.7 kms™!, 6 (=0.42 x 15) km® of
sediments would have been mobilized during the mass wasting. Our
initial modelling results show that 50 cm high local waves could be
generated during a sudden failure of this region. Seismic profile 7
traverses another mass wasted region at 1.50°S and shows similar
features as profile 11. A 200-300 ms thick poor reflective sedimen-
tary sequence is also imaged on profile 5 (Figs 2b and 3b) beneath
300-500 ms the seafloor, which could be due to previous mass
wasting sequence. Small mass wasted regions are observed near
profiles 16 and 24 (Fig. 5). Although the total amount of sediments
observed in these mass wasted regions is small (~30 km?), these
combined with back thrust could produce large localized tsunami
if mobilized simultaneously. There are about 600 km? of unconsol-
idated sediments present in the piggyback basins bounded by the
push-up ridges on the SW margin of the Siberut basin (Fig. 8a),

© 2009 The Authors, GJI, 180, 703-714
Journal compilation © 2009 RAS

Zz0z yose 1| uo 3senb Aq 9981.012/£0.2/2/08 L/e1o1e/B/woo dno-ojwepeoe//:sdiy woly papeojumod



Active backthrusting in Mentawai 709

SE NW

Seismic profile 11

5km

b) SW CMP Nurnber NE
200 40 60 80 1000 1200 1400 1600 1800 2000

200 400 600 BOO 1000 1200 1400 1600 1800 2000

1s8nb Aq 9981.01.2/£02/2/08 L /o1o1e/1B/woo dno-ojwepede//:sdpy woly pepeojumod

N
o
N
N

-] 20

10 1
Distance (km)

Figure 6. Mass wasting: (a) 3-D view of the mass wasting near 1.25°S on Fig. 4. Black dashed lines mark boundary of mass wasted regions, purple arrows
push-up ridges, mustard colour arrows piggyback basins. Uninterpreted (b) and interpreted (c) seismic profile 11 traversing the mass wasted region. Blue
dashed curve shows the seafloor on profile 5 (Fig. 3b), yellow area is the difference between seafloor on profiles 5 and 11, possibly mass wasted, and brown
coloured zone shows low reflectivity sediments, possibly debris flow. The portion of profile 11 on two images is marked by mustard colour dashed line.
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Figure 7. Deep seismic image: (a) seafloor bathymetry around Aceh forearc basin, forearc ridge and interpreted FBT. The red dashed curve indicates the
position of strike-slip WAF identified by Singh et al. (2005). (b) 3-D block diagram showing deep seismic reflection image and bathymetry along black line
shown in Fig. 7(a). FBT is frontal thrust fault and MBT is main backthrust. WAF seems to branch out into three branches forming a pull-apart basin above

MBT.

which could generate a large tsunami, if mobilized instantaneously.
Further modelling is required to quantify the size of tsunami that
could be generated and is the subject of a future study.

6 DISCUSSION

Some normal faulting is observed along our profile (e.g. Fig. 6¢)
that might be associated with strike-slip motion, however, most of

our profiles show the presence of an active back thrusting on the
NE margin of Mentawai Islands. The shallow seismic reflection
data permit the imaging of these faults down to a couple of kilo-
metres below the seafloor; they should be connected at depth in a
manner similar to the backthrusts imaged north of Simeulue Island
(Singh et al. 2008; Chauhan ef al. 2009). In the north near 5°35'N
(Fig. 7), we have imaged the backthrust down to 7 s two-way travel-
time (15 km). Folded and faulted sediments over highly compacted

© 2009 The Authors, GJI, 180, 703-714
Journal compilation © 2009 RAS
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sediments suggest that the forearc ridge has recently been uplifted
(Fig. 7). This backthrust seems to have two branches, the lower one
arriving at SW margin of the Aceh basin (FBT), and the upper one
(MBT) terminating at depth where the West Andaman Fault (WAF)
has been identified from bathymetry (Singh et al. 2005; Sibuet et al.
2007; Graindorge et al. 2008) and high-resolution shallow seismic
(Seeber et al. 2007; Mosher et al. 2008) data. It is possible that
the WAF, which is a right-lateral strike-slip fault, is a near surface
manifestation of the upper backthrust, accommodating some trans-
pressional motion (Chauhan et al. 2009). The presence of a small
pull-apart basin above the MBT (Fig. 7b) suggests that this might
be the case. In the same region but further south, Singh ez al. (2008)
have imaged a push-up ridge at about 55 km SW of a backthrust,
which they associate with the WAF. South of our study area around
6°S, Schluter ef al. (2002) have imaged a push-up ridge having a
flower structure, suggestive of the presence of a strike-slip fault.
However, they have also imaged a seaward dipping reflection just
SW of the push-up ridge, which might be the manifestation of a

a)

Active backthrusting in Mentawai 711

backthrust at depth, and the push-up ridge might be the near sur-
face expression of transpressional motion. In the same region, Kopp
et al. (2001) have also imaged a similar push-up ridge. These results
along with our results suggest that the seaward dipping backthrust-
ing seems to be present along most of the NE margin of forearc
ridges and Islands in SW Sumatra. However, there seems to be an
intricate relationship between backthrusting and strike-slip faulting
in the Sumatra forearc basin, and more deep seismic reflection data
are required in this region to address this relationship.

It is difficult to date the activity along the backthrusts, but the
presence of old deformed sediments on the main push-up ridges,
recent sediments in the piggyback basins and the high bathymetric
relief of the push-up ridges (up to 600 m) suggest that MBT has been
active in the recent past. More than ten thrust earthquakes of M, >
5.0 with dip >30° have occurred in the region since 2005, suggest-
ing that the back thrust is indeed active (Fig. 1). The epicentres of
these events mainly lie along the NE margin of Mentawai Islands,
in 15-25 km depth range (Fig. 8). The recent GPS data from the

100°30¢ 101°00° 101°30°

9900 S0
b)
sw Distance (km) NE
50 100 150 200 250
0 : L MBT 1 1
Sediments {’\ & Forearc basin
10 7 007

Depth (km)
& B

8
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(o Continent

Figure 8. Backthrusts and mass wasted area: (a) map showing the location of backthrusts (red) and observed mass wasted region (green) in the study area.
Light red colour is the area prone to future mass wasting (600 km?). (b) Schematic cross-section showing downgoing oceanic crust (brown), megathrust
(MT) and backthrust, based on Kopp et al. (2002) velocity model. Black (8.4), brown (7.9) and green (7.0) beach balls indicate the projection of the 2007
September megathrust sequence. Blue and red beach balls are shallow dipping and steeply dipping aftershocks, respectively. Light blue beach balls are projected

hypocentres for 2008 earthquakes.
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islands suggest that these islands move only normal to the subduc-
tion front and have no trench parallel motion (Chlieh et al. 2008).
Furthermore, there have been no strike-slip earthquakes along the
Mentawai fault zone in the last 30 yr (Natawidjaja et al. 2006). Our
results combined with these observations suggest that the Mentawai
fault zone should consist primarily of active backthrusts.

A shallow megathrust earthquake of M, = 8.4 occurred on 2007
September 12 at the southern extremity of our study area (Fig. 8b).
It was a shallow dipping event initiated beneath the forearc ridge,
which seems to have broken the upper part of the locked zone
(Lorito et al. 2008). Twelve hours later, a second event of M,, =
7.9 occurred at ~43 km depth that seems to have broken the lower
part of the locked zone; the boundary between the two rupture areas
is at the NE margin of South Pagai Island (Konca et al. 2008).
A third event of M, = 7.0 occurred four hours later and seems
to project along the interpreted backthrust (Fig. 8b). Recently, an
earthquake of magnitude M, = 6.3 occurred at 10 km depth on 2008
November 22, which also projects near the backthrust. Although the
hypocenter of these earthquakes has a large uncertainty, the general
trend of depth profile gives some idea about the possible activity on
the backthrust.

The coral data have been used to estimate coseismic and inter-
seismic uplift and subsidence for the past 750 yr in the Mentawai
Island region (Natawidjaja et al. 2006, 2007; Sieh et al. 2008).
The absence of any coral data on the SW margin of Siberut Island
does not permit to say anything about the possible role of back-
thrust. However, coral data are available on both sides of Sipora
and Pagai Islands. The overall uplifts were slightly higher towards
SW than NE margins of these islands during the 1797 and 1833
earthquakes, suggesting the major uplift was due to megathrust, but
that does not rule out the possibility of some uplift along the back-
thrust. The interseismic subsidence for the last 50 yr shows complex
behaviour on Sipora Island (Natawidjaja et al. 2007), but slightly
higher subsidence at SW margin of Pagai Islands. Therefore, the
coral data do not provide any conclusive evidence for the presence of
backthrust.

Chlieh et al. (2008) used these coral and GPS data to estimate
the spatial distribution of coupling along the megathrust assuming
purely elastic deformation of the overlying and subducting plate and
neglected any contribution from non-elastic deformation in the fore
arc. They found that seismic slip for the last 300 yr accounts for
only 2141 per cent of slip on the megathrust. It is possible that a
part of the slip might be accommodated by the backthrust. Further
modelling is required to quantify the amount of slip that might be
required to explain this discrepancy.

If we assume a fault surface of 180 x 15 km and a slip of 5 m,
the seismic moment release would be 4.05 x 102 N m, equivalent
to a magnitude M, = 7.7 earthquake along the slip plane assuming
the rigidity 4 = 3.0 x 10' Nm™2. If we assume a fault dip of
30°, the vertical uplift of the seafloor would be about 1.5 m on the
backthrust. The total seismic energy released along the backthrust
would be completely dwarfed by the immense energy released along
the megathrust (being less than 2—5 per cent of the total seismic
moment released), but would be of significant importance owing to
its tsunamigenic potential. The slip along the backthrust during the
earthquake might go unnoticed on the seismological record as it is
near orthogonally oriented to the main thrust, where most of the
rupture takes place releasing the majority of the earthquake energy.
Simultaneous conjugate earthquake slip has been inferred in other
instances (Robinson et al. 2001), and can be estimated allowing
some of the slip on the orthogonal backthrust fault, in addition to
the megathrust rupture plane.

In subduction zones, a hinge line is supposed to define the bound-
ary between uplift and subsidence during coseismic and interseismic
cycle (Sieh et al. 1999), and which also coincides with the down
dip limit of the locked zone. The elastic dislocation model suggests
that uplift occurs above the locked part of the plate interface and
subsidence above the aseismic zone downwards during a coseismic
event. On the other hand, the interseismic state (stress loading along
the plate interface) is characterized by subsidence above the locked
part and uplift above the aseismic zone. The zero vertical movement
position lies at a constant distance from the subduction front and
defines the hinge line. Natawidjaja et al. (2006, 2007) have used
palaeogeodetic data (corals) to describe the pattern of uplift and
subsidence for the last two centuries and of two major historical
earthquakes in Mentawai region (in 1797 and 1833). However, the
down-dip limit of the locked zone in the Sumatra region seems to
extend further downwards (Simoes et al. 2004). The presence of the
twin earthquakes on 2007 September 12 at 20 and 43 km depths
(Konca et al. 2008) seems to suggest the the locked zone might
be segmented in upper and lower locked zone, and the backthrust
might be the boundary between two segments of the locked zone.
Furthermore, the down-dip limit of the locked zone does not seem
to be below the hinge line as is normally the case.

Two giant historical earthquakes occurred in 1797 (M, 8.5-8.7)
and in 1833 (M, 8.6-8.9), which subsequently broke as much as
600 km section of the megathrust from 0.5°S to 3.2°S and from
2°S to as far as 5°S, respectively (Newcomb & McCann 1987;
Natawidjaja et al. 2006). The 1797 earthquake produced a larger
tsunami in Padang than the 1833 event. On the other hand, the 1833
tsunami was larger in Bengkulu. The tsunami-propagation model of
the 1797 earthquake, based on the most reasonable scenario of the
1797 rupture (i.e. rupture length ~400 km, slip ~ up to 8 m) gives
tsunami heights of no more than 3.5 m in Padang (Prawirodirdjo
etal. 2000). Based on the historical account, the 1797 tsunami height
observed in Padang could have been as high as 10 m (Natawidjaja
et al. 2006) which is much higher than the model predicts. Hence,
it is plausible that other factors, such as coincident back thrusting
and landslides, might have enhanced the tsunami in Padang, and the
mass wasting we observe on the NE margin of Siberut Island might
have been produced during the 1797 earthquake thereby enhancing
the tsunami. However, further study of the mass wasted material
along the NE margin of the Mentawai Islands is required to corrob-
orate these interpretations. Further north, the 2005 Nias-Simeulue
earthquake did not excite a large tsunami. The obvious reason was
because the 2005 event uplifted mostly the islands and surrounding
shallow seas (Briggs et al. 2006). Interestingly, according to the his-
torical notes, the predecessor of the 2005 earthquake that occurred
in 1861 produced a reasonable size tsunami that killed many people
in Nias and Simelue Islands (Newcomb & McCann 1987). Further-
more, the 1907 M, = 7.6 Simeulue earthquake, the smallest of all,
seems to have produced a greater tsunami than either the 1861 or
2005 earthquakes that occurred in the same area with likely similar
source ruptures (Newcomb & McCann 1987). Therefore, it is pos-
sible that the 1907 tsunami might have been excited by movements
on the backthrusts or by submarine landslides at the NE margin of
Simeulue Island.

To explain the early arrival of tsunami (Platker et al. 2006) in
Banda Aceh during the 2004 earthquake, Chauhan et al. (2008)
suggest that a 180 km wide backthrust might have ruptured co-
incidently with the megathrust. Since the backthrusts are nearly
orthogonal to the megathrust, it would be difficult to detect them
using either seismological or geodetic data. As the backthrusts are
steeply dipping, they can produce a large vertical uplift, leading to
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a large localized tsunami. Furthermore, a high vertical uplift along
a backthrust coincidence with a megathrust earthquake will lead
to an over estimation of the magnitude of past megathrust earth-
quakes based on coral data. If a backthrust slips aseismically, then
interseismic subsidence and uplift would be perturbed. Natawidjaja
etal. (2007) found a very large-scale (600 km) uplift and subsidence
(1.5 m) of the Mentawai Islands in 1962, which would be equiv-
alent to an earthquake of magnitude 8.4 if the slip was along the
megathrust. There were several other small episodes of uplift and
subsidence in 1968, 1975 and 1984. It is possible that some of these
anomalies could have been associated with movement along the
backthrusts observed at the NE margin of Mentawai Island instead
of the megathrust, which is usually assumed.

The presence of islands and ridges along the Sumatra subduction
zone remains an enigma. One possibility is that the islands consist
of old accretionary wedge (Kopp et al. 2002) and hence have been
uplifted. Singh et al. (2008) suggest that underplatting of sliced
oceanic crust would uplift the islands; the existence of ophiolites
and high gravity anomalies on the Islands (Samuel et al. 1997)
support this hypothesis. The presence of backthrusting at the NE
margin of islands and ridges would further reinforce the uplift of
Islands and would keep them subaerial.

7 CONCLUDING REMARKS

There are several large cities along the west coast of Sumatra with
a very large population living at 5-6 m above the sea level. The
Siberut section of the megathrust has not had any large earthquakes
since 1797, and hence it is likely to break in the near future (Nalbant
et al. 2006; Konca et al. 2008; Sieh et al. 2008). Recent geodetic
studies suggest that up to 8 m of slip has been accumulated along
this segment of the megathrust (Chlieh et al. 2008). Konca et al.
(2008) argue that only partial energy has been released during the
2007 earthquake sequence and a significant section of the Mentawai
segment may rupture in the very near future. Since the coastal region
of mainland western Sumatra is to a large extent protected by the
Mentawai Islands and outerarc highs (McCloskey et al. 2008) the
tsunami risk to this region could be due to the megathrust that
produces tsunami towards the ocean side of the Mentawai Islands as
well as due to the backthrusts NE of Mentawai Islands. McCloskey
et al. (2008) show that it would take about 32 min for a tsunami
to arrive near the coast of western Sumatra if it were produced by
a rupture on the megathrust. However, if a tsunami was produced
by the backthrust, it would arrive in 20 min in Padang. Borrero
et al. (2009) have carried out extensive field work and modelling of
tsunami after the 2007 earthquake. They report that the residence of
Pantai Jakat, near Bengkulu, observed the first tsunami wave arrival
after 15 min of the earthquake, then withdrew before returning an
hour later. This early arrival could be due to some other factors, such
as slip on a local backthrust and/or landslides. Only a few percent
of energy released along the backthrust could have a devastating
effect. Therefore, measures should be taken to mitigate tsunami
risk generated by these backthrusts and landslides.

Such backthrusts may be present further north, in the Nicobar
and Andaman Island region, and may produce some large local-
ized tsunami in the Andaman Sea. Chauhan et al. (2008) show that
high run-up values and early arrival of tsunami on 2004 December
26 in northern Sumatra can be explained by a localized tsunami
source due to a re-activation of a backthrust coincident with the
main megathrust event. These observations suggest that the pres-
ence of a backthrust in an oblique subduction zone could be a norm
rather than an exception, and hence they may play a more impor-
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tant role in tsunami generation than it has been realized so far,
and therefore, they should be taken into account for seismological
and tsunami modelling studies and risk mitigation during the great
thrust earthquakes.
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