GEOPHYSICAL RESEARCH LETTERS, VOL. 39, 122304, doi:10.1029/2012GL053954, 2012

Stress triggering of the great Indian Ocean strike-slip earthquakes

in a diffuse plate boundary zone

Kelly Wiseman' and Roland Biirgmann'

Received 19 September 2012; revised 18 October 2012; accepted 21 October 2012; published 28 November 2012.

[1] On April 11, 2012, two great magnitude 8+ earthquakes
occurred within a two-hour period off the west coast of
northern Sumatra, Indonesia, in the broadly distributed
India-Australia plate boundary zone. The magnitude 8.6
mainshock holds the distinction of being both the largest
instrumentally recorded strike-slip earthquake and the larg-
est earthquake away from a recognized plate boundary fault.
The mainshock involved sequential ruptures of multiple
fault planes oriented nearly perpendicular to each other.
The adjacent 2004 megathrust earthquake statically loaded
the northern Wharton Basin oceanic lithosphere on both
of the 2012 mainshock fault plane orientations, and greatly
enhanced the rate of earthquake activity in the region for a
year. Viscoelastic relaxation of the asthenosphere following
the 2004 and 2005 megathrust earthquakes continued to
positively stress the offshore region, correlating with the
locations of later strike-slip earthquakes, including two
magnitude 7+ and the 2012 magnitude 8+ earthquakes.
Citation: Wiseman, K., and R. Biirgmann (2012), Stress trigger-
ing of the great Indian Ocean strike-slip earthquakes in a diffuse
plate boundary zone, Geophys. Res. Lett., 39, 122304,
doi:10.1029/2012GL053954.

1. Introduction

[2] Plate tectonic theory assumes that the lithosphere is
strong and rigid and that seismicity is mostly restricted to
narrow plate boundaries. However, in the equatorial region
of the Indian Ocean, the location of the M,, 8.6 and M, 8.2
strike-slip earthquakes on April 11, 2012, the lithosphere is
actively deforming in a broad zone between the rigid Indian
and Australian plates (green shaded region in Figure 1).
Seismic and geodetic data suggest that the deformation style
changes from north-south shortening west of the Ninety East
Ridge [Deplus, 2001; Delescluse and Chamot-Rooke, 2007]
to north-south striking left-lateral shear in the Wharton Basin
east of the Ninety East Ridge [Deplus et al., 1998; Deplus,
2001; Delescluse and Chamot-Rooke, 2007] (Figure 1).
Much of the diffuse boundary zone has an anomalously
warm mantle, with temperatures above 800°C at 50 km
depth (brown shaded regions in Figure 1) [Shapiro et al.,
2008]. In addition, the oceanic lithosphere is at its thinnest
point along the entire Andaman-Sunda-Java trench system
where it approaches northern Sumatra [Shapiro et al., 2008].
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The highest seismic strain-rates in the Indian Ocean are
located in the northern Wharton Basin, where the thermally
young, thin oceanic lithosphere is shearing along a network
of NNE-SSW oriented fracture zones. These fractures are
remnants from a fossil spreading ridge system and have
accommodated at least 100 km of shear since the beginning
of intraplate deformation eight million years ago [Delescluse
and Chamot-Rooke, 2007]. A deep seismic reflection profile
~100 km north of the mainshock epicenter has imaged
shallow offset sediments near these NNE-SSW structures,
indicating that these fractures are still actively shearing
[Singh et al, 2011]. Sager et al. [2010] has observed
roughly E-W oriented canyons and troughs along the
northern Ninety East Ridge using gravity gradient data,
indicative of past spreading accommodated by normal
faulting. Seismic profiles along the Ninety East Ridge
demonstrate that the faults were active when the ridge
formed, and some of the faults penetrate the entire sediment
column, evidence of active faulting.

2. Seismicity in the Northern Wharton Basin

[3] The style of seismicity in the northern Wharton Basin,
between the Ninety East Ridge and the Sunda Trench, is
dominated by strike-slip mechanisms, which accommodate
the ongoing left-lateral shear in the diffuse plate boundary
zone. The yellow “beach balls” in Figure 1 (http://www.
globalcmt.org) depict the focal mechanisms for all of the
strike-slip earthquakes in the incoming Indian and Austra-
lian plates, west of the Andaman-Sunda-Java Trench, from
the start of the Global CMT catalog in 1976 until the April
2012 earthquakes. The mechanisms are very similar to the
focal mechanisms for the two April, 2012 earthquakes
(shown in red), and are consistent with either left-lateral
strike-slip motion on the NNE-SSW oriented fractures, or
right-lateral motion on WNW-ESE oriented planes.

[4] The 2004 M,, 9.2 Sumatra-Andaman megathrust
earthquake [Shearer and Biirgmann, 2010] was the largest
tectonic event in Southeast Asia over the last several hun-
dred years and it fundamentally changed the stress state and
seismicity rates in the surrounding lithosphere [Wiseman
and Biirgmann, 2011]. The megathrust plate-interface has
been especially active south of the 2004 rupture, including a
M,, 8.7 earthquake in 2005 that was likely stress triggered
by the nearby 2004 earthquake [McCloskey et al., 2005;
Nalbant et al., 2005] and a M,, 8.4 earthquake in 2007.
There has also been enhanced seismicity throughout the rest
of the subduction zone: in the overriding Sunda Plate
[Wiseman et al., 2011], in the Andaman back-arc region
[Cattin et al., 2009; Sevilgen et al., 2012], in the downgoing
slab — including the 2009 M,, 7.6 Padang earthquake
[McCloskey et al., 2010; Wiseman et al., 2012], and in the
incoming Indian and Australian plates (Figure 2).
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Figure 1. Tectonic overview of the India-Australia Plate. The diffuse boundary between the Indian and Australian plates is
shaded green [Delescluse and Chamot-Rooke, 2007] and overlays the bathymetry [dmante and Eakins, 2009]. The overlap-
ping regions with anomalously high lithospheric temperatures are shaded brown [Shapiro et al., 2008]. Fractures and ridges
within Wharton Basin are from Singh et al. [2011] and Shapiro et al. [2008]. All of the focal mechanisms for earthquakes in
the India-Australia plate west of the Andaman-Sunda-Java Trench from 1976 until the 2012 mainshock (Global CMT cat-
alog) are shown; strike-slip events are colored yellow, reverse events are colored black, and normal events are colored blue.
The white arrows illustrate the orientations of maximum compression in the Central Indian Basin and Wharton Basin.
Rupture patches for recent megathrust earthquakes are colored purple [Chlieh et al., 2007; Konca et al., 2007, 2008;
Hill et al., 2012].
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Figure 2. Northern Wharton Basin seismicity. The cumulative number of M > 4.5 earthquakes (ISC and NEIC catalogs) in
the Northern Wharton Basin, west of the Sunda Trench, from 1980 until September 10, 2012 is plotted in black. The yellow
stars mark large earthquakes within the catalog region that initiated seismicity rate increases, and the 2004 and 2005 mega-
thrust earthquakes (not in the region) are marked with white stars. The epicentral locations of the events are shown in the
map inset. The cumulative coseismic and postseismic stress changes from the 2004 and 2005 earthquakes [Chlieh et al.,
2007; Konca et al., 2007], resolved on the initial WNW-ESE fault plane orientation at the 2012 hypocenter are plotted in
red and gray (see Figure S9 in the auxiliary material for longer stress time series).
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Figure 3. Recent stress changes in the Indian Ocean. (a) Total stresses induced by the 2004 [Chlieh et al., 2007], 2005
[Konca et al., 2007], and January M7.2 (http://earthquake.usgs.gov/earthquakes/eqinthenews/2012/usc0007ir5/finite_fault.
php) earthquakes, resolved at the 20 km hypocentral depth of the mainshock on the orientation of the initial WNW-ESE
(red) fault plane [Meng et al., 2012]. Gray circles mark the first 12 days of the aftershock sequence (NEIC catalog).
(b) Coseismic stresses induced by the 2004 and 2005 earthquakes. The yellow focal mechanisms highlight the strike-slip
earthquakes during the first year following the 2004 earthquake and the blue focal mechanisms depict the remaining
strike-slip events before the 2012 mainshock (Global CMT catalog). (¢) Cumulative postseismic stresses induced by
the 2004 and 2005 earthquakes at the time of the 2012 earthquake.

[5] The seismicity rate in the northern Wharton Basin
increased dramatically following the 2004 earthquake.
Figure 2 shows the cumulative number of M > 4.5 earth-
quakes, the magnitude of completeness for the time period
19802012 (ISC and NEIC catalogs). The increased seis-
micity rate following the 2004 earthquake decays back to the
background level within a year, but spikes again in 2010 and
early 2012 following M 7+ strike-slip earthquakes.

3. The April 11, 2012 Ruptures

[6] The 2012 mainshock initiated at 20 km depth and the
aftershock pattern (gray circles in Figure 3a, NEIC catalog),
along with several back-projection rupture propagation
models [Meng et al., 2012; Satriano et al., 2012; Yue et al.,
2012], suggests complex rupture on multiple fault planes. It
appears that the mainshock started with bilateral propagation
away from the hypocenter on an WNW-ESE oriented plane
(red fault segment in Figure 3a) and then bilaterally ruptured
a NNE-SSW oriented plane to the west of the hypocenter
(yellow segment labeled 2). It ended with slip on two addi-
tional WNW-ESE oriented segments to the south, near the
eventual M,, 8.2 aftershock (yellow segments labeled 3 and

4) [Meng et al., 2012]. The second rupture segment is con-
sistent with left-lateral faulting on one of the roughly N-S
oriented fractures within the Wharton Basin. The fourth
rupture segment appears to have reactivated one of the
roughly E-W oriented faults along the Ninety East Ridge
[Sager et al., 2010], and the first and third fault segments
suggest similar structural features extend into the Wharton
Basin.

[7] Yue et al. [2012] resolved the spatial distribution of
slip on the multiple fault segments using finite fault inver-
sions, with geometry constrained by back-projections of
short- and long-period seismic energy. They found that the
largest moment release was on the initial WNW-ESE seg-
ment, with a peak slip of ~37 m [Yue et al., 2012]. The first
three segments also contained between ~5-20 m of deep
slip, below the hypocenter, extending to ~50 km depth. This
helps to explain the 40 km centroid depth (Global CMT and
USGS CMT), the best point source location for the rupture,
which was 20 km deeper than the hypocenter — where the
earthquake initiated. McGuire and Beroza [2012] argue that
the deeper slip would require a failure mode other than
typical frictional failure, and suggest highly localized zones
of viscous failure in the upper oceanic mantle.
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Figure 4. The effects of receiver depth. Coseismic stress
changes resulting from the 2004 and 2005 earthquakes
[Chlieh et al., 2007; Konca et al., 2007] resolved on the
WNW-ESE (red) fault plane. Calculated at (a) 10 km depth,
and (b) the deeper centroid depth of 40 km (see Figures S7
and S8 in the auxiliary material for other depths and stresses
resolved on the NNE-SSW fault plane).

[8] The 2012 mainshock was able to grow to such a large
magnitude because it was able to continue rupturing beyond
the initial WNW-ESE fault plane, on multiple nearby faults
in the weak, heavily fractured northern Wharton Basin. This
complex rupture scenario is similar to the second largest
Wharton Basin earthquake, a M, 7.9 earthquake in June
2000, which started as left-lateral strike-slip motion on a N-S
plane and ended as oblique motion on an E-W plane
[Abercrombie et al., 2003]. Several of the focal mechanisms
for the first month of 2012 aftershocks show oblique-to-
reverse motion, indicating that the M, 8.6 earthquake may
have included an oblique sub-event as well (see Figure S1 in
the auxiliary material).' Although the orientation of maxi-
mum compression in the Wharton Basin would accommo-
date NE-SW oriented reverse faulting, reverse mechanisms
are not common, likely because it is easier to reactivate the
pre-existing faults and fracture zones.

4. Stress Changes Induced by the Megathrust
Earthquakes

[v] We have calculated the stresses induced by the 2004
and 2005 megathrust earthquakes at the hypocenter of the
M,, 8.6 earthquake in order to determine if the 2012 earth-
quakes were triggered events. We modeled the static,
coseismic stress perturbations from the two nearby mega-
thrust ruptures, using source models determined from the
inversion of geodetic data [Chlieh et al., 2007] and the joint
inversion of seismic and geodetic data [Konca et al., 2007].
The elastic coseismic deformation is calculated in a layered
half-space using the EDGRN/EDCMP [Wang et al., 2003]
programs and a 1-D velocity structure representing the
Sumatran forearc [Collings et al., 2012]. The deformation
calculations are used as input to model the Coulomb failure
stress (CFS) changes on the orientation of the oceanic strike-
slip earthquakes. ACFS is defined as the change in shear
stress (positive in direction of fault slip) plus the effective

'Auxiliary materials are available in the HTML. doi:10.1029/
2012GL053954.
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coefficient of friction times the normal stress (unclamping
is positive). We assume an effective coefficient of friction
' = 0.4, and determine the CFS changes on constant depth
sections in the 2012 epicentral region. We resolve the stress
changes on both of the nodal plane orientations associated
with the 2012 mainshock.

[10] The 2004 earthquake contributed most of the stress
changes at the 2012 hypocenter and further to the north
spanning the zone of enhanced strike-slip activity (yellow
focal mechanisms in Figures 3b and 3c). The combined
coseismic stress perturbation from the 2004 and 2005
earthquakes was ~18 kPa at the hypocenter (Figure 3b),
with similar values when resolving stress on either the
WNW-ESW or NNE-SSW fault plane orientation (see Fig-
ure S2 in the auxiliary material).

[11] The positive stress lobe near the hypocenter is a
robust feature. We compare our preferred coseismic stress
model, based on the smoothed, higher resolution Chlieh et al.
[2007] and Konca et al. [2007] megathrust source models
that consider seismic and geodetic data sets, with the less
discretized, geodetically based Banerjee et al. [2007] source
models, and the 2012 hypocenter is still positively stressed
on both fault orientations (see Figures S3 and S4 in the
auxiliary material). The stress change at the 2012 hypocenter
is most sensitive to the amount of slip, and the depth range of
slip, on the southern portion of the 2004 rupture. More
shallow slip on the southern portion of the 2004 rupture, as in
the Banerjee et al. [2007] model, increases the positive stress
change at the 2012 hypocenter and decreases the extent of the
negative stress region near the trench (see Figures S3—-S6 in
the auxiliary material). Lay et al. [2011a, 2011b] have
observed that Coulomb stress values in the region near the
trench are very sensitive to the amount of shallow slip during
the 2011 Tohoku megathrust earthquake. Unfortunately, the
geodetic data are more limited for the 2004 Sumatran-
Andaman earthquake, and it is not possible to uniquely
resolve the amount of shallow slip on the southern segment.
There were several strike-slip earthquakes in this sensitive
region during the years following the 2004 earthquake that
were either positively or negatively stressed depending on
the coseismic source model. We also test a range of receiver
fault depths from 10—40 km and find that the coseismic stress
change increases with depth at the epicenter (Figure 4 and
Figures S7 and S8 in the auxiliary material), especially in the
region northeast of the hypocenter where Yue ef al. [2012]
model deep slip on both the WNW-ESE and NNE-SSW
planes.

[12] We also calculate the time-dependent stress perturba-
tions resulting from postseismic relaxation of the upper
mantle following the megathrust events. Postseismic defor-
mation resulting from viscoelastic relaxation of the astheno-
sphere is calculated on a layered, laterally-homogeneous,
spherical earth using the method of Pollitz [1992]. We
employ Panet et al.’s [2010] rheology model that fits the first
~3 years of horizontal far-field GPS time-series, and gravity
variations recorded by the GRACE satellite, following the
2004 earthquake. This model includes a bi-viscous astheno-
sphere with an initial short-term viscosity of 4 x 10'’ Pa s
and a long-term viscosity of 8 x 10'® Pa s,

[13] By April 2012, the postseismic stress perturbation
from the megathrust earthquakes was ~4 times larger than
the induced coseismic stresses at the 2012 hypocenter,
highlighting the importance of postseismic deformation for
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triggering earthquakes away from the coseismic rupture
plane (see stress time series in Figures 2 and 3c). These
additional stress perturbations can explain the continued
strike-slip activity during the years following the 2004
earthquake (blue focal mechanisms in Figures 3b and 3c).
This includes events NE of the 2012 hypocenter that expe-
rienced negative coseismic stress changes but positive
postseismic stress perturbations, and the June 2010 and
January 2012 M 7+ events.

[14] The postseismic deformation and associated stress
perturbations are likely larger in the northern Wharton Basin
than in the surrounding Indian Ocean due to the thinner and
warmer lithosphere in this region [Shapiro et al., 2008].
A locally thinner lithosphere in the vicinity of the 2012
earthquakes would allow larger stress transmissions from
the closer, flowing asthenosphere, and the warmer mantle
would increase the pace of viscous relaxation, inducing
larger stress perturbations by the time of the 2012 earthquake.
In addition, the January 2012 M,, 7.2 earthquake was located
only ~25 km NE of the mainshock, also involving right-
lateral slip on an E-W oriented fault (G. Hayes, Preliminary
result of the Jan 10, 2012 Mw 7.2 off the west coast of
northern Sumatra, Indonesia earthquake, 2012, available at
http://earthquake.usgs.gov/earthquakes/eqinthenews/2012/
usc0007ir5/finite_fault.php), and added a final push before
the April events.

5. Discussion and Conclusions

[15] The high strain rates within the Wharton Basin enable
strike-slip earthquakes over a wide portion of the plate
interior, and the stresses imparted to the oceanic lithosphere
by the 2004 earthquake induced a spike in the rate of these
strike-slip earthquakes. Although megathrust ruptures in
other tectonic settings would produce similar enhanced
stresses along the orientation of the 2012 earthquake, in
most cases there would not be enough accumulated strain
in the oceanic plate, or pre-existing geologic structures,
to enable such a large-magnitude triggered earthquake. For
example, there were no triggered strike-slip earthquakes in
the interior of the Pacific plate, east of the trench, during the
14 months following 2011 Tohoku earthquake (based on
Global CMT catalog). The broad shear zone associated
with the diffuse India-Australia plate boundary primed the
northern Wharton Basin for strike-slip faulting and the
megathrust earthquakes provided the triggering mechanism.
The 2012 magnitude 8+ events were the latest in this col-
lection of post-2004 strike-slip earthquakes and the addi-
tional stress imparted to the lithosphere from the postseismic
deformation can explain the time delay between the 2004
and 2012 earthquakes.

[16] An independent study by Delescluse et al. [2012] also
investigates the connection between the 2004 and 2005
megathrust earthquakes and the April 2012 oceanic earth-
quakes. They use different megathrust source models and
simpler modeling approaches - homogeneous elastic half-
space for the coseismic stress calculations and 2-D finite-
element model with uniform imposed slip for the postseismic
stress calculations - but come to similar conclusions. This
emphasizes the robustness of the main results that the
megathrust earthquakes enhanced seismicity in the northern
Wharton Basin, both through static coseismic stress pertur-
bations and through evolving postseismic stress transients.
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[17] The 2012 mainshock was so large because it was able
to rupture multiple weak spots within the oceanic litho-
sphere, including four separate fault planes. The annual
moment rate for the entire Wharton Basin, that actively
deforms down to 20°S, is ~3.5 x 10'° Nm/yr [Delescluse
and Chamot-Rooke, 2007], and these two magnitude 8+
strike-slip earthquakes released ~270 years of accumulated
seismic moment. The northern portion of Wharton Basin is
the most rapidly straining region in the diffuse India-
Australia boundary zone, accommodating roughly 1 cm/yr
of N-S left-lateral shear over the past eight million years
[Delescluse and Chamot-Rooke, 2007], so this region
should have shorter earthquake repeat times of order of
500-1000 years, than the rest of the region. Over the past
millennia, the megathrust earthquake periodicity for the
southern end of the 2004 rupture has been roughly 400-
600 years [Meltzner et al., 2010], and therefore great oceanic
strike-slip earthquakes in the northern Wharton Basin may
coincide with the Sunda megathrust earthquakes every 1—
2 cycles. This quasi-phase locking between the megathrust
and strike-slip faulting in the northern Wharton Basin is
speculative, but could be similar to the fault synchronization
observed by Scholz [2010] in the Iceland seismic zone,
Central Nevada seismic belt, and the Eastern California shear
zone. Although these 2012 earthquakes did not cause much
damage or casualties, they highlight the risk that very large
earthquakes can occur away from major plate boundaries,
and that unexpected events can be triggered well after great
megathrust earthquakes.
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