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[1] In July 2005, about 6 months after the 2004 great Sumatra-Andaman earthquake, 20 ocean bottom
seismometers were deployed in the northern Sumatra area. More than 1000 events were identified during
the 12 day recording period. After relocation, the seismicity shows different patterns on each side of the
Lower Splay Fault. East of this feature and beneath the Aceh basin and fore arc, the deep earthquakes
outline the subduction megathrust fault. West of it, the aftershocks distribution is strongly influenced by
the active N—S oceanic fracture zones of the subducted plate. Two N—S trending clusters of 10- to 50-km-
deep earthquakes observed below the lower wedge are interpreted as reactivated oceanic fracture zones.
The postseismic activity suggests a significant influence of the N—S active fracture zones of the oceanic
plate on the toe of the wedge explaining the dextral wrenching of wedge thrusts in the morphology. The
megathrust fault does not extend to the trench but outcrops east of these active oceanic fractures and seems
to merge upward along the Lower Splay Fault where shallow earthquakes are observed.
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1. Introduction

[2] The Sumatra margin is seismically active
[Newcomb and McCann, 1987; Zen, 1993]. Large
subduction zone earthquakes have repeatedly
occurred along the Sumatra and Andaman subduc-
tion zones where the Indo-Australia plate is sub-
ducting beneath the Burma plate (Figures 1 and 2).
Earthquakes are mainly located in the fore-arc
domain but some of them occur along the Sumatra
fault (Figure 2). The 26 December 2004 Sumatra-
Andaman Mw = 9.3 ecarthquake was the second
largest earthquake recorded during the last century.
The rupture propagated about 1300 km northward
[Ishii et al., 2005] and the maximum coseismic slip
was close to 20 m offshore NW Sumatra [Ammon
et al., 2005; Subarya et al., 2006]. Prior to the
2004 great Sumatra-Andaman earthquake, the seis-
micity was restricted to the area northeast of the
Upper Splay fault (USF) along the plate interface at
depths greater than 35 km, and few teleseismic
earthquakes were recorded below the accretionary
wedge [Lay et al., 2005; Engdahl et al., 2007]
(Figure 2a). In contrast, the whole region became
seismically active after the 2004 great Sumatra-
Andaman earthquake (Figure 2b). The downdip
limit of the rupture zone determined from tele-
seismic earthquakes is situated at a depth of
~50 km and a distance of ~240 km landward
from the trench axis [Dewey et al., 2007; Engdahl
et al., 2007]. Most of the teleseismic aftershocks of
magnitude larger than Mw = 5.5 are confined to the
plate interface. The objectives of our study are to
map the major postseismic active tectonic features
of the upper and lower plates by using relocated
earthquakes recorded during a dense passive ocean
bottom seismometer (OBS) experiment carried out
in this area [Sibuet et al., 2007] about 6 months
after the 2004 great Sumatra-Andaman earthquake
and to determine not only the relationship between
the upper plate aftershocks and the detailed surface
morphology established from multibeam and echo
sounder data but also the relationships between
lower and upper plate features.

2. Geological Setting

[3] In the Sumatra region, the Indian and Austra-
lian oceanic plates are subducting beneath the
Sunda plate, over more than 5,500 km, from
northern Australia to Myanmar [Paul et al., 2001;
Briggs et al., 2006; Gahalaut and Gahalaut, 2007].
Southeast of Sumatra, the convergence is nearly
orthogonal to the plate boundary and becomes

oblique off northern Sumatra [Michel et al.,
2001; Bock et al., 2003] (Figure 1), where the
motion is partitioned between a normal-to-the-
trench motion [e.g., Fitch, 1972; Newcomb and
McCann, 1987; McCaffrey, 2002] and a right-
lateral strike-slip motion along the Sumatra Fault
[Sieh and Natawidjaja, 2000] (see also Delescluse
and Chamot-Rooke [2007] for a recent determina-
tion of the plate kinematics). In northern Sumatra,
geodetic measurements show that the right-lateral
motion along the Sumatra Fault does not represent
the whole trench-parallel motion as about 15% of it
is absorbed within the wedge (X. Le Pichon, Le
séisme de Sumatra du 26 décembre 2004 et la
subduction Indo-Australienne, Cours du Collége de
France, Chaire de Géodynamique, Cours et Sémin-
aires, 2005-2006, http://www.cdf.u-3mrs.fr/
~lepichon/).

[4] In the oceanic plate, the large-scale features
observed in the Wharton Basin are the Ninety East
Ridge and the Investigator Fracture Zone (FZ)
(98°E). In between, a set of roughly N—S subparallel
fracture zones has been identified from bathymetric,
gravity and magnetic data [Deplus et al., 1998;
Barckhausen, 2006; Delescluse and Chamot-Rooke,
2007; Sibuet et al., 2007]. These N—S fracture zones
are currently reactivated as left-lateral strike-slip
faults [Deplus et al., 1998; Delescluse and Chamot-
Rooke, 2007; Engdahl et al., 2007]. During the
interseismic and postseismic periods, a few moderate
size earthquakes with N—S left-lateral and right-
lateral strike-slip mechanisms occurred in the lower
plate and in the wedge, respectively [4bercrombie et
al., 2003; Dewey et al., 2007; Engdahl et al., 2007]
(Figures 2¢ and 2d). These types of earthquakes,
consistent with shear faulting on nearly N—S planes
were also recorded by a local network, along the
northern prolongation of the Investigator FZ, down to
adepth of 150 km [Fauzi et al., 1996], suggesting that
the oceanic lower plate stress relaxation is affecting
the upper plate. Thus, the subduction of active
oceanic fracture zones ridges might have an effect
on the deformation of the upper plate as confirmed by
the indentation of the Sumatra-Andaman trench,
southwest of Simeulue Island [Zen, 1993].

[s] Part of the aftershock activity is located trench-
ward at depths less than 35 km, filling areas where
previous seismicity was absent [Engdahl et al.,
2007] (Figure 2b). Many aftershocks are also
observed at depths between 35 and 60 km, espe-
cially in the northern Sumatra area where an
intense, 150-km-long NW-SE cluster of after-
shock activity was observed and characterized by
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Figure 1.

Tectonic framework of the Sumatra-Andaman subduction system. Grey arrows indicate the NUVEL-1A

relative motion between the Indo-Australian and Sunda plate [DeMets et al., 1994]. The gray star shows the epicenter
of the 26 December 2004 great Sumatra-Andaman earthquake. The black lines with triangles are the main tectonic
features [Pubellier et al., 2005]. The Sumatra Fault is taken from Sieh and Natawidjaja [2000]. In the inset, detailed
bathymetry of the survey area of the Sumatra Aftershocks cruise [Sibuet et al., 2007] located in the gray square box in
the general map. Black triangles show the positions of the 20 OBSs.

focal mechanism solutions suggesting their occur-
rence along the plate interface [Araki et al., 2006;
Dewey et al., 2007; Engdahl et al., 2007]. Araki et
al. [2006] and Sibuet et al. [2007] have also shown
that the aftershocks recorded by the Japanese and
French OBS networks in January and July—August
2005 respectively, suggest the presence of seismi-
cally active splay faults that originate at the plate

interface décollement level and propagate to the
seafloor.

3. Data Acquisition
[6] During the Sumatra Aftershocks cruise (R/V

Marion Dufresne, 15 July to 9 August 2005), 20
short-term OBSs were deployed offshore the north-

3 of 15



~ Geochemistry

'Geophysics G3

* Geosystems

LIN ET AL.: SUMATRA AFTERSHOCKS

10.1029/2009GC002454

95°E

Omms

Figure 2.

O S.5ch:=6

(a) Seismicity in the Sumatra-Andaman region relocated [Engdahl et al., 2007] and color classified by
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depth from 1918 through 25 December 2004. The size of hypocenters is function of the magnitude Mb. (b)
Aftershock seismicity [Engdahl et al., 2007] between the dates of the Sumatra and Nias events. (¢) Focal mechanisms
from the Harvard catalog. Color classified by depth from 1964 through 25 December 2004. Beach balls are in lower
hemisphere projection. (d) Aftershocks focal mechanisms from the Harvard catalog color classified by depth from 25
December 2004 through 28 March 2005. Bathymetry and topography in gray [Sandwell and Smith, 1994]. The red
lines with triangles are the main tectonic features (Rangin et al., submitted manuscript, 2008). FT, Frontal Thrust;
LSF, Lower Splay Fault; USF, Upper Splay Fault; BT, Backstop Thrust.

ern tip of Sumatra in a 370 x 75 km area from the
Wharton Basin to north of the Sumatra Fault
system (inset in Figure 1). Seismic events were
detected manually on continuous hydrophone and
three-component records. Only events recorded on
more than 3 OBSs were kept and an preliminary
location was obtained by using the 1-D preliminary
velocity law determined by Araki et al. [2006]. We

used the HYPOCENTER method [Lahr, 1980;
Lienert et al., 1988] which is based on the mini-
mization of root mean square (rms) travel time
residuals of P and S waves. The magnitude Md of
earthquakes was evaluated by using the duration of
seismic waves [Tsumura, 1967].

[7] Because the seismic velocity structure strongly
varies perpendicularly to the subduction zone, the
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Figure 3. Aftershocks distribution before and after the relocation. Green and red dots show earthquakes located
with the 1-D and 3-D velocity models, respectively. Focal mechanism of strike-slip earthquakes in the oceanic crust
and the overlying wedge are from the Harvard catalog. Numbers above beach balls are the depths of earthquakes in
km. E-W and N-S vertical cross sections of the aftershocks distribution are shown.

1-D seismic velocity structure was not sufficiently
accurate for a precise hypocenter determination
(green dots in Figure 3). A 3-D velocity model is
required to obtain more accurate hypocenter loca-
tions. In addition, in a complex geological envi-
ronment, a realistic Vp/Vs structure must be used
to accurately determine hypocenters. As the hypo-
center depth determinations largely depend on Vp/
Vs ratios [e.g., Obana et al., 2001], we operated
the SIMUL2000 program [Thurber and Eberhart-
Phillips, 1999], which use true stations depths and
relocate earthquakes with a 3-D P wave velocity
model and a Vp/Vs model established by using the
Vp and Vs residual time arrivals to calculate the
Vp/Vs ratios.

[8] The 3-D initial model was obtained by modi-
fying the slab geometry given by Gudmundsson
and Sambridge [1998] with the aftershock distri-
bution recorded by the Japanese OBS network
[Araki et al., 2006] for depths shallower than
60 km. We assumed the thicknesses of the oceanic
and continental crusts are 7 and 25 km respectively.
The thickness of the sedimentary layer was deter-

mined by using available seismic data in the area.
The P wave velocities of the oceanic and conti-
nental crusts were assumed to be 6.5 and 6.2 km/s,
respectively. The velocity for the upper mantle was
set up at 8.1 km/s and at 2.2 km/s for the sedi-
mentary COVer.

[s] A total of 4,461 P wave and 3,471 S wave
arrival times were determined and 858 earthquakes
were relocated. Figure 3 shows the distribution of
earthquakes localized with the 1-D velocity model
(green dots) and the 3-D velocity model (red dots).
The average RMS residuals decrease from 0.230 to
0.107 s. As expected, the relocation does not
significantly affect the geographical position of
epicenters but rather affects the depth of hypo-
centers. Though they correspond to the distance
between hypocenter locations obtained by using
1-D and 3-D velocity models, the “error bars” give
an indication of the expected errors in hypocenter
locations as they correspond to two extreme ve-
locity models. The relocation of 87% and 95% of
the seismic events is smaller than 5 km and 25 km
in the three directions respectively, suggesting the
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Figure 4. Hypocenters of 858 microearthquakes recorded in the northwestern Sumatra by the OBS network during
12 days and relocated with the SIMUL2000 program [Thurber and Eberhart-Phillips, 1999]. The size of dots is
function of the magnitude. Colors show the depth ranges. Bathymetric contours every 200 m. Shaded zone shows the
detailed bathymetry [Sibuet et al., 2007]. Black triangles correspond to the locations of OBS stations. Red lines with
triangles show the main thrusts determined from the multibeam and 3.5 kHz echo sounder data (Rangin et al.,
submitted manuscript, 2008). The E—W black lines (P1 to P4) are the locations of the four cross sections shown in
Figure 6. FT, Frontal Thrust; LSF, Lower Splay Fault; USF, Upper Splay Fault; BT, Backstop Thrust.

accuracy of localization is good enough to ensure
our interpretations.

4. Relocation of Earthquakes and
Distribution of Hypocenters

4.1. Location of Hypocenters

[10] The aftershock activity is localized in two
domains (Figure 4):

[11] 1. Beneath the Aceh basin and fore arc, most
of the earthquakes are located between 30 and
50 km and are trending along the NW-SE direc-

tion, parallel to the trench direction. The cluster of
earthquake disappears abruptly at ~5.7°N latitude.
The disappearance of aftershocks north of this
latitude was already noticed by Engdahl et al.
[2007] and Dewey et al. [2007] and probably
corresponds to changes in the physical properties
across the plate interface [Kennett and Cummins,
2005] defined as the boundary between the sub-
ducting lower plate and the upper plate. On the
basis of kinematics and global tomographic stud-
ies, the subduction slab has a downdip limit much
deeper than 50 km and extends well into the mantle
in this region.
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Bathymetry (m)

Figure 5. Detailed structural interpretation of the
upper part of the accretionary wedge located southwest
of the Outer Arc. The two light broad N-S trending
gray lines are the locations of N—S fracture zones FZ1
and FZ2 recognized from the aftershocks distribution.
Black lines are N—S trending valleys of the wedge
linked to N—S fracture zone features of the lower plate
[Sibuet et al., 2007]. Dark red lines with triangles are
thrust faults. Thick continuous red lines with triangles
are main thrusts (Rangin et al., submitted manuscript,
2008) determined from swath bathymetric and 3.5 kHz
data. White and gray dots show earthquakes shallower
and deeper than 7 km, respectively. The earthquake
location is projected to the surface. Light from the
northwest. FT, Frontal Thrust; LSF, Lower Splay Fault;
USF, Upper Splay Fault; BT, Backstop Thrust.

[12] 2. From the Sunda Trench to the Outer Arc,
most of aftershocks are shallower than 40 km,
except for two N-S trending clusters of after-
shocks, ranging from the sea bottom to 50 km
depth and lying along the 93.2°E and 93.6°E
meridians (Figure 4). To the north, the seismicity
seems to disappear along FZ1 near the 5.7°N as
mentioned by several former works [Kennett and
Cummins, 2005; Dewey et al., 2007; Engdahl et
al., 2007], but we have to be cautious as this limit
is well outside the OBS network. However, along
FZ2, the N-S trending seismicity disappears at
5.3°N, in an area located within the OBS network,
suggesting that the cessation of aftershock activity
is real. A N-S trending earthquake distribution
located in the lower plate was also shown by Fauzi
et al. [1996] and Abercrombie et al. [2003] in the
northern prolongation of Investigator FZ and relat-
ed to this N—S oceanic fracture zone. In conse-
quence, the two swarms of events located along the
N-S direction in our study area (FZ1 and FZ2,
light yellow lines in Figure 4) can be linked to left-

lateral strike-slip reactivated portions of lower plate
fracture zones, which correspond to the northward
prolongation of fractures zones identified by
Deplus et al. [1998]. The 3.5 kHz profiles and
swath bathymetric data show several N-S oriented
valleys overlying these earthquake clusters (Figure 5)
suggesting that the structural fabric of the overlying
portion of wedge is affected by the lower plate
active fracture zones [Sibuet et al., 2007; Grain-
dorge et al., 2008; X. Le Pichon, Le séisme de
Sumatra du 26 décembre 2004 et la subduction
Indo-Australienne, Cours du Collége de France,
Chaire de Géodynamique, Cours et Séminaires,
2005-2006, http://www.cdf.u-3mrs.fr/~lepichon/].
Detailed 3-D swath bathymetric images of these N—
S trending valleys are beautifully displayed by
Sibuet et al. [2007]. N-S oriented topographic
lineaments were also observed in the oceanic do-
main, just southwest of the Sunda trench with active
strike-slip deformation suggested by the presence of
up to 20—30 m vertical offset in swath bathymetric
and 3.5 kHz data [Graindorge et al., 2008]. In
addition, the intersection of these N—S elongated
bathymetric features with the accretionary wedge
partly controls the geometry of thrust anticlines and
the location of erosional features at the wedge toe.
This suggests that these N—S oceanic lineaments
have a significant impact on the wedge toe but also
further landward in the wedge [Graindorge et al.,
2008].

[13] In the vicinity of the wedge toe, along the
93.2 °E meridian, we have identified a cluster of
small earthquakes, which were only recorded on the
five deepest OBS stations. As events in the Wharton
Basin belong to the lower plate, the swarm of events
located immediately NE of the trench, beneath the
wedge toe, is also related to the lower plate post-
seismic activity [Sibuet et al., 2007]. The shallow
earthquakes located further north in the wedge
above this active fracture zone may thus result from
the interaction of the N—S lower plate deformation
with the overlying prism toe.

4.2. Cross Sections

[14] Four E—W vertical cross sections are shown in
Figure 6 (P1 to P4). Only events with relocation
uncertainties smaller than 5 km in the three direc-
tions are displayed. In Figure 6, the uncertainties of
localization are shown by “error bars,” which are
generally smaller than the size of the dots. West of
93.7°E, the vertical distribution of earthquakes
shows that they belong to two N—S 25-km-wide
stripes located along the 93.2°E and 93.7°E meri-
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Figure 6. Aftershocks projected from 25 km on each
side of cross sections P1 to P4 located in Figure 4. Red
dots show the positions of aftershocks. The error bars
are relocation uncertainties in the vertical and horizontal
direction. The solid gray lines show the bathymetry. The
light red lines show the position of the plate interface
and the LSF evidenced by the aftershock distribution.
Gray cross-hatched boxes show the locations of active
N-S fracture zones FZ1 and FZ2 recognized from the
aftershock distribution. The histograms along the y axes
show the seismogenic layer thickness Ts for the oceanic
and continental lithospheres on the left- and right-hand
side of cross sections. LSF, Lower Splay Fault.

dians. Seismic events extend from the sea bottom
to 50 km, a depth which does not significantly
exceeds the thickness Ts of the oceanic seismo-
genic layer. Along the left-hand side of Figure 6 are
plotted the histograms of the depth of oceanic
intraplate earthquakes [Watts and Burov, 2003].
As Ts (50 km) largely exceeds the average thick-
ness of the oceanic crust (about 10 km), it is
worthwhile to record earthquakes within the sub-
oceanic mantle, beneath the two oceanic fracture
zones. Fracture zone FZ1 can be traced on all four
profiles but fracture zone FZ2 identified on profiles
P4 to P2 is no more active at its intersection with
profile P1. If we compare the distribution of hypo-
centers with respect to the location of the
plate interface determined by Gudmundsson and
Sambridge [1998] and Araki et al. [2006], seismic
events related to the two fracture zones are located

beneath and above the plate interface. Within the
lower plate (depth >10 km), the two groups of
earthquakes associated with FZ1 and FZ2 are
distinct. However, between distances 60 and 80 km
on profile P2 (Figure 6) and in plane view (Figure 4),
a cluster of earthquakes shallower than 5 km (pink
dots near 5.1°N seems to connect the northern end of
the active portion of FZ2 to FZ1 within the upper
plate. These shallow earthquakes underline the exis-
tence of a dextral upper plate wrenched pattern in the
wedge toe. It suggests that the lower plate stress
accumulated along FZ1 and FZ2 is released in the
overlying wedge not only above the fracture zones
but also in between.

[15] After large earthquakes, postseismic deforma-
tion may result from earthquake-induced slip along
the plate interface as shown for the 2005 Nias
earthquake [Hsu et al., 2006]. It is what we observe
in the eastern parts of profiles P1 to P4. The
afterslip seismicity delineates the 15-20 degrees
dipping plate interface, which position corresponds
to the upper limit of the aftershocks recorded by
the teleseismic and OBS stations [Araki et al.,
2006; Dewey et al., 2007; Engdahl et al., 2007].
A group of earthquakes that become shallower
westward of the subduction megathrust fault and
merges the sea bottom at a steep angle is probably
related to the Lower Splay Fault, a main N10°W
thrust mapped from the bathymetry and echo
sounder data (pink lines in Figure 6) [Sibuet et
al., 2007; C. Rangin et al., Docked or accreted
Indian Ocean Fracture Ridges along the Sumatra
subduction zone northern tip, submitted to Geo-
chemistry Geophysics Geosystems, 2008].

4.3. Comparison With Earthquakes
Located by the Japanese OBS Network

[16] In February—March 2005, 17 short-term
instruments were deployed during 19-22 days in
a small area adjacent to our transect [Araki et al.,
2006] (blue dots in Figure 7). The 1100 published
hypocenters of the Japanese experiment are dis-
played together with our 858 relocated hypocenters
in Figure 7a. All relocated earthquakes with relo-
cation distance smaller than 5 km in the three
directions are projected along the cross section
AB. In plane view, the Japanese data show a
similar pattern than our data: a NW-SE trending
feature at the plate interface below the fore arc and
~N-S directions in the west. By using the relo-
cated earthquakes recorded by the two networks,
the active portion of fracture zone FZ2 can be
traced southward inside the Japanese network.
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Figure 7. (a) Aftershock determinations from the two Japanese and French networks of seismometers. In blue,
aftershocks determined during 10 days of recording period (20 February to 13 March 2005) by Araki et al. [2006]
using 17 seismometers (triangles). In red, 858 aftershocks determined from our survey using 20 seismometers (stars)
from 22 July 2005 to 3 August 2005. (b) Seismicity along profile AB. All relocated earthquakes with relocation
distance smaller than 5 km in the three directions are projected along the cross section AB. Black arrows show the
position of FZ1 and FZ2 in the profile. The dark zone between 15 and 115 km shows where the seismicity of the two
N-S features is projected. In pink, slab and thrust faults deduced from the distribution of aftershocks.

However, the active portion of fracture zone FZ1
cannot be extended to the south as it is located
outside of the Japanese network. The aftershock
hypocenters projected on the cross section AB
(Figure 7b) show the vertical distribution of earth-
quakes between the trench (0 km) and 250 km. The
whole set of data shows that the active portion of
fracture zone FZ2 can be extended southward to
4.2°N and that aftershocks along the plate interface
(between 80 and 240 km) seem to disappear west
of FZ2 (93.7°E). If the plate interface is clearly
delineated by the aftershock seismicity east of

80 km, however there is no clear postseismic
activity from 80 km to the trench along the
expected location of the plate interface. This lack
of seismicity only indicates that this portion of
plate interface, if it exists, was aseismic or partly
aseismic during the recording time periods. This
portion of plate interface was also inactive during
the 2004 great Sumatra-Andaman earthquake for
three reasons: (1) The coseismic slip was null west
of a limit located between the USF and LSF
[Chlieh et al., 2007]. (2) High-resolution seismic
reflection profiles acquired across a portion of the
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frontal deformation zone and adjacent oceanic
domain in the area of our survey does not show
any single, laterally extensive structural offset at
the deformation front that might be interpreted as
contributing to the 2004 tsunami [Mosher et al.,
2008]. (3) Swath bathymetric data imaged small
recent scars and deposits at the toe wedge whose
size was incompatible with a significant coseismic
slip in this region [Sibuet et al., 2007]. In situ pore
pressure measurements using the Ifremer piezom-
eter and coring in the largest scar, of modest size
[Henstock et al., 2006], demonstrate that high
excess pore pressure and sediment deformation
were generated by the shaking associated with
the 2004 great Sumatra-Andaman earthquake and
was not due to an underlying large coseismic slip
[Sultan et al., 2009]. In the hypothesis of a coseis-
mic rupture joining the trench, the superficial
deformation in the wedge toe would have been
more catastrophic than the one observed and the
tsunami less damaging.

[17] The earthquake cluster on the prism toe along
the 93.2°E meridian was not recorded by the
Japanese OBSs because these earthquakes are too
small and too far from their OBS network to be
recorded. Between 80 and 240 km, the seismicity
recorded by the two networks is similar and clearly
underlines the plate interface. At 80 km, a cluster
of earthquakes joins the plate interface to the sea
bottom, and seems to reactivate a preexisting thrust
fault (pink lines in Figure 7b), the Lower Splay
Fault already identified on the sea bottom from the
swath bathymetric and echo sounder data [Sibuet et
al., 2007; Rangin et al., submitted manuscript,
2008]. At 120 and 160 km, two minor clusters of
earthquakes might follow the Upper Splay Fault
and Backstop Thrust (pink lines in Figure 7b) also
identified from the swath bathymetric and echo
sounder data [Sibuet et al., 2007; Rangin et al.,
submitted manuscript, 2008], suggesting that the
USF could have been alternatively the active splay
fault during the 2004 great Sumatra-Andaman
earthquake. This hypothesis seems to be unlikely
as the megathrust is still imaged by the aftershocks
between the LSF and USF. One possibility to solve
this problem was to look at tsunami simulations.
However, for the moment, it is impossible to
decipher if the megathrust branched updip onto
the LSF or the USF [Hirata et al., 2008].

[18] To conclude, the well-developed seismicity
along the plate interface between depths of 30
and 60 km with a dip angle of ~15-20° is similar
to the one observed along other intercontinental

megathrusts. The disappearance of the deep post-
seismic activity north of 5.7°N might correspond to
changes in the physical properties of the plate
interface as mentioned by several former studies
[Kennett and Cummins, 2005; Dewey et al., 2007,
Engdahl et al., 2007] or to changes in afterslip
strain accumulation.

[19] The two N-S trending swarms of events
suggest that the aftershock activity is linked to
the left-lateral strike-slip motion along two fracture
zones located at 93.2°E and 93.6°E, which influ-
ences the distribution of the aftershock activity
within the accretionary wedge.

[20] Within the upper plate, inside of the wedge,
the distribution of aftershocks is concentrated in
three types of domains: (1) domains where the two
aftershocks clusters correspond to the two portions
of active N-S fracture zones, (2) the domain
connecting the northern end of the active portion
of FZ2 to FZ1 and corresponding to earthquakes
shallower than 5 km (Figure 4) that we attribute to
dextral wrenching, and (3) possibly the domains of
the two LSF and USF thrust faults where after-
shocks seem to join the plate interface to the sea
bottom at a steep angle.

5. Discussion

[21] The great Sumatra-Andaman earthquake
changed the stress distribution at the plate interface
and in the upper plate, triggering deformations in
the overlying upper plate. However, earthquakes
occurring along the N—S lower plate fracture zones
are presumably linked to the differential stress
accumulation along the diffuse India/Australia
plate boundary, which corresponds to a westward
decrease of plate velocity in a ~1000-km-wide
stripe of oceanic crust from 10 mm/a at the
Investigator FZ to zero at the Ninety East Ridge
[Delescluse and Chamot-Rooke, 2007]. In the
following discussion, we will try to understand
how the strike-slip motion along the fracture zones
may induce deformation inside the wedge.

[22] The discussion is based on the interpretation
of multibeam and echo sounder data acquired
during the “Sumatra Aftershocks” cruise [Sibuet
et al., 2007] and following cruises [Graindorge et
al., 2008], the deep penetration MCS profiles
performed during a BGR cruise [Gaedicke and
Neben, 2006], and a detailed geological study
performed by Rangin et al. (submitted manuscript,
2008) (Figure 5). On the basis of swath bathymet-
ric maps [Sibuet et al., 2007; Henstock et al., 2006;
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Moran et al., 2005; Soh et al., 2005; Graindorge et
al., 2008] and echo sounder and multichannel
seismic data [Sibuet et al., 2007; Graindorge et
al., 2008; Mosher et al., 2008; Gaedicke and
Neben, 2006; Rangin et al., submitted manuscript,
2008], the vergency of the folds has been deter-
mined from the asymmetry of the wedge anticlines.
Morphologically, the wedge displays sinuous
N30°W elongated sedimentary ridges and valleys
interrupted by N—S trending depressions [Sibuet et
al., 2007]. Submeridian dextral wrenching is dom-
inant in the wedge with N10°W trending dextral
faults, in particular in the area overlying the N-S
active lower plate fracture zones. Focal mecha-
nisms of strike-slip earthquakes were extracted
from the Harvard catalog (Figure 3). Eight focal
mechanisms show left-lateral strike-slip events
occurring in the oceanic domain of the Wharton
Basin and in the subducting lower plate. Three
upper plate focal mechanisms show right-lateral
strike-slip events in the upper plate. We suggest
that the right-lateral wrenched tectonic fabric of the
wedge is triggered by the N—S lower plate left-
lateral strike-slip deformation as already mentioned
[Sibuet et al., 2007; X. Le Pichon, Le séisme de
Sumatra du 26 décembre 2004 et la subduction
Indo-Australienne, Cours du Collége de France,
Chaire de Géodynamique, Cours et Séminaires,
2005-2006, http://www.cdf.u-3mrs.fr/~lepichon/
]. Three main N10°W dextral wrenched fault zones
with westward vergency are mapped: the Frontal
Thrust (FT), the Lower Splay Fault (LSF), and the
Upper Splay Fault (USF) (Figures 4, 5, and 7).
Rangin et al. (submitted manuscript, 2008) have
established the structural correlation between the
superficial depth sections and the deep reflectors
identified on MCS profile BGR-101 cutting across
the surveyed area. The Lower and Upper Splay
Faults are imaged from the sea bottom into the
basement. However, the intense strike-slip defor-
mation is only observed in two areas beneath the
LSF (Figure 5): In the south, where the LSF
follows the 93.6°E N-S valley above an active
portion of FZ2, between 4.2°N and 4.4°N
(Figures 4 and 5); In the north, the LSF follows a
northerly direction already underlined by a bathy-
metric trend in the Sandwell and Smith [1994] map
between 5.1°N and 5.4°N, above an active portion
of FZ1. In between the LSF also follows another
northerly direction (Figure 5) not presently associ-
ated with a present-day active portion of underly-
ing fracture zone. Thus, within the wedge, we can
correlate the N—S segments of the LSF, generally
marked by N—S valleys, to underlying portions of
active or inactive fracture zones (Figure 5). These

observations provide a general explanation for the
sigmoidal pattern of the thrust faults within the
wedge. The N10°W thrust faults consist of N—S
segments above the N—S fracture zones and con-
necting ~NW-SE segments. As a result the par-
titioning of the India-Australia/Sunda motion
within the wedge occurs along combined N—S
and ~NW-SE directions and not as previously
said simply along a direction parallel to the Suma-
tra fault [e.g., Fitch, 1972; McCaffrey, 1992; Sieh
and Natawidjaja, 2000].

[23] Thus inside the wedge, the shape of thrusts is
influenced by the deformation of the lower plate
and is not only due to the conventional wedge
shortening due to the subduction process. This is
also supported by the fact that the plate interface
does not outcrop west of the prism toe [Mosher et
al., 2008] and cannot be identified in the first
80 km from the trench (Figure 7b). If this is true,
the distal part of the wedge consists of sediment
ridges not yet incorporated within the upper plate
and the present-day frontal thrust, i.e., the outcrop
of the subduction megathrust fault, is located inside
the wedge, probably along the LSF.

[24] Figure 8 shows the free air gravity anomalies
in our study area. An unusually high NNW-SSE
trending gravity anomaly lies over the distal part of
the wedge where the postseismic active portions of
oceanic fracture zones have been identified and
disappears north of 5.8°N latitude, where the after-
shocks seismicity also abruptly decreases. So, the
region of high free air gravity anomalies corre-
sponds to the region of postseismic active fracture
zones identified beneath the toe of the wedge. This
relatively high free air anomaly suggests that this
area is isostatically undercompensated. Such a
relatively high free air gravity anomaly was also
observed in the lower wedge region where the
Investigator FZ subducts below the Sumatra wedge
[Fauzi et al., 1996].

[2s] Several studies concerning the coseismic slip
distribution of the Sumatra-Andaman earthquake
have been performed by different approaches
[Ammon et al., 2005; Banerjee et al., 2005; Lay
et al., 2005; Vigny et al., 2005; Subarya et al.,
2006; Chlieh et al., 2007]. In Figure 8, the coseis-
mic slip contours calculated by Chlieh et al. [2007]
on the basis of a detailed joint seismic-geodetic
determination have been added. The curve of null
coseismic slip remarkably follows the landward
side of the positive gravity anomaly and then,
north of 6.5°N, turns to the west and follows the
trench. All the coseismic slip occurs east of the
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Figure 8. Free air gravity anomaly map of the
Sumatra-Andaman trench. Dots show the positions of
epicenters. The size of dots is function of the magnitude.
Relatively high free air gravity anomalies are observed
in the area where N—S fracture zones FZ1 and FZ2 are
active. Coseismic slip contours every 5 m in white from
Chlieh et al. [2007]. Black arrows show the position of
the four profiles located in Figure 4.

active portions of oceanic fracture zones FZ1 and
FZ2 confirming that the subduction megathrust
fault does not rupture all the way to the toe of
the wedge. Thus, during the 2004 great Sumatra-
Andaman earthquake, these portions of active
oceanic fracture zones and the overlying portion
of distal wedge might have played the role of
barrier that forced the coseismic slip to ramp
upward along a splay fault located in the area of
the highly decreasing or null coseismic slip.
Numerous works in Nankai Trough also show that
the subducted oceanic crust might be strongly
mechanically coupled with the toe of the wedge
and may play a significant role as a seaward barrier
inhibiting the coseismic slip to propagate farther
seaward [Kodaira et al., 2000; Nakanishi et al.,
2002]. Thus, the coseismic slip, which follows the
plate interface should rise into the sea bottom along
a splay fault as proposed by Wang and Hu [2006]
and G. Plafker et al. (Evidence for a secondary
tectonic source for the cataclysmic tsunami of
12/26/2004 on NW Sumatra, paper presented at

Annual Meeting, Seismological Society of Amer-
ica, Kona, Hawaii, 11-13 April 2007). Such dis-
placement along a splay fault was observed during
the 1964 Alaskan earthquake in the Patton Bay
[Plafker, 1972], the 1946 Nankai earthquake in the
Nankai subduction system [Cummins and Kaneda,
2000; Park et al., 2002], the 1958 earthquake on
the Ecuador margin [Collot et al., 2004] and
inferred where the 2005 Nias earthquake occurred
[Hsu et al., 2006]. On the basis of deep MCS
profiles, Moore et al. [2007] showed in the Nankai
subduction zone the image of such a megasplay
thrust system, rising from the plate interface to the
seafloor along a splay fault. The progressively
steepened splay fault increases the potential for
vertical uplift with large slip contributing to gen-
erate devastating tsunamis. Thus, we propose that
during the 2004 great Sumatra-Andaman earth-
quake, the plate interface rupture was transferred
to the sea bottom along a splay fault, probably the
LSF, though we cannot fully exclude the USF, and
that it was the main factor controlling the large
amplitude of the tsunami.

[26] Several studies show that the rupture process
for the 2004 great Sumatra-Andaman earthquake
strongly changed of strike and rupture properties
near 6°N [Kennett and Cummins, 2005; Stein and
Okal, 2005; Ishii et al., 2005; Gahalaut et al.,
2006; Nuannin et al., 2005; Pollitz et al., 2006;
Pietrzak et al., 2007]. The transition zone from
rapid slip to dominantly slower slip reported north
of 6°N [Bilham, 2005] coincided with the northern
end of the N—S active fracture zones.

6. Conclusions

[27] The main conclusions of this study are illus-
trated in the sketch of Figure 9: the group of
aftershocks observed beneath the Aceh basin and
fore arc delineates the rupture zone. The sudden
stop of this earthquake cluster at 5.7°N may corre-
spond to changes in the physical properties of the
slab interface. Alternatively, if this cluster is the
result of afterslip its disappearance northward may
be related to change in the strain accumulation.

[28] Two clusters of earthquakes, trending N—S
between 10 and 50 km in depth, are located below
the toe of the wedge and in the prolongation of N—
S oceanic fracture zones along the 93.2 and 93.7°E
meridians (FZ1 and FZ2, light gray lines in Figure 9).
These active oceanic fracture zones and the over-
lying sediments of the wedge may have played the
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Figure 9. Diagram showing a 3-D view of the
Sumatra-Andaman subduction system. White arrow
indicates the Australia/Sunda plate motion. 858 relo-
cated aftershocks were projected to the surface (dark
gray dots) and vertically along 5.6°N (black crosses).
Light gray lines show the surface projection of the N—S
trending oceanic fracture zones FZ1 and FZ2. Red lines
are the main submeridian dextral wrenched fault zones
determined from the interpretation of multibeam and
echo sounder data. Blue lines show the N10°W trending
dextral pattern partly overlying the area where N—S left-
lateral strike-slip fracture zones are present (Rangin et
al., submitted manuscript, 2008). Light red line shows
the position of the coseismic 2004 rupture zone.

role of barrier for the coseismic rupture of the 2004
great Sumatra-Andaman earthquake. The thrust
features determined in the upper plate are domi-
nated by the N—S and NNW-SSE trending direc-
tions (red lines with triangles and purple lines),
which show the influence of the underlying active
oceanic fracture zones on the structure of the upper
plate. The dextral wrenched system of thrust faults
within the wedge (blue lines) would be linked to
the differential stress accumulation along fracture
zones of the diffuse India/Australia plate boundary.
The relatively high free air gravity anomalies, the
coseismic slip distribution and the geological struc-
tural pattern are the testimony of active underlying
fracture zones (Figure 9). We propose that the
rupture zone does not emerge at the trench but
instead ramps upward along the Lower Splay fault
(broad red lines in Figure 9).
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