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The equatorial Indian Ocean is a well known place of active intraplate deformation defying the
conventional view of rigid plates separated by narrow boundaries where deformation is confined. On
11 April 2012, this region was hit in a couple of hours by two of the largest strike-slip earthquakes ever
recorded (moment magnitudes Mw=8.6 and 8.2). Broadband seismological observations of the
Mw=8.6 mainshock indicate a large centroid depth (~30 km) and remarkable rupture complexity.
Detailed study of the surface-wave directivity and moment rate functions clearly indicates the partition
of the rupture into at least two distinct subevents. To account for these observations, we developed a
procedure to invert for multiple-point-source parameters. The optimum source model at long period
consists of two point sources separated by about 209 km with magnitudes Mw=38.5 and 8.3. To explain
the remaining discrepancies between predicted and observed surface waves, we can refine this model
by adding directivity along the WNW-ESE axis. However, we do not exclude more complicated models.
To analyze the Mw=28.2 aftershock, we removed the perturbation due to large surface-wave arrivals of
the Mw=28.6 mainshock by subtracting the corresponding synthetics computed for the two-subevent
model. Analysis of the surface-wave amplitudes suggests that the Mw=8.2 aftershock had a large
centroid depth between 30 km and 40 km. This major earthquake sequence brings a new perspective to
the seismotectonics of the equatorial Indian Ocean and reveals active deep lithospheric deformation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Great strike-slip earthquakes are very uncommon, with the
most well-known recent events being the Mw=7.8 2001 Kunlun
earthquake, the Mw=7.9 2002 Denali earthquake and the
Mw=8.1 2004 Macquarie Island earthquake (Tsuboi et al.,
2003; Tocheport et al., 2006; Hayes et al., 2009a; Duputel et al.,
2012). Other large events are also reported in the first half of the
20th century, including the two major M~8.0 1905 Mongolian
earthquakes and the Ms=8.6 1950 Assam earthquake, although
details of their source characteristics are not known due to the
small number of observations (Ben-Menahem et al., 1974; Chen
and Molnar, 1977; Okal, 1977; Schlupp and Cisternas, 2007). Yet
it is known that many large strike-slip earthquakes involve
remarkable rupture complexity, and the Mw=8.1 1998 Balleny
islands earthquake (Hjorleifsdottir et al., 2009) serves as a good
example of this. The seismic data from this event can be explained
by subevents with different mechanisms (Henry et al., 2000).
Rupture branching onto multiple subfaults was also observed, for
example, during the Mw=7.3 1992 Landers earthquake, during
the Mw=7.8 2001 Kunlun earthquake (Tocheport et al., 2006)
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and, more recently, during the Mw=7.2 2010 El Mayor-Cucapah
earthquake (Hauksson et al., 2011).

The 2012 Sumatra great earthquake sequence is particularly
interesting for several reasons. First, with moment magnitudes
Mw > 8.2, it consists of two of the largest strike-slip earthquakes
ever recorded, and is among the largest intraplate earthquakes on
instrumental records. Secondly, this unusual series of large intra-
plate earthquakes occurred in the oceanic lithosphere of the Cocos
Basin (equatorial Indian Ocean), which has a unique seismotec-
tonic environment. This region is bounded by the Sunda Mega-
thrust to the north, the Wharton Basin to the south, the Ninetyeast
Ridge to the west and the Investigator Fracture Zone to the east
(Fig. 1). The whole area constitutes a diffuse deformation zone
which is currently interpreted as the boundary separating the
Indian and Australian Plates (Wiens et al., 1985; Deplus et al.,
1998; Delescluse and Chamot-Rooke, 2007; DeMets et al., 2010).
The 2012 Sumatra earthquake sequence began on 11 April 2012,
when the Mw=8.6 Sumatra event occurred off the west coast of
Northern Sumatra (8 h 38 min 37 s UTC—zero time used from
here, 2.31°N, 93.06°E; U. S. Geological Survey—USGS), about
400 km southwest of Aceh (Fig. 1). Another major Mw=8.2 earth-
quake occurred 2 h after the mainshock (10 h 43 min 9s UTC,
0.77°N, 92.45°E; USGS), approximately 200 km to the south. These
earthquakes were preceded by a Mw=7.3 earthquake on 10
January 2012, located very close to the epicenter of the mainshock.
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Fig. 1. The 2012 Sumatra great earthquake sequence. (a) Map of the 2012 Sumatra great earthquake region. The 11 April 2012 mainshock can be decomposed into
two subevents separated by about 200 km (green mechanisms and circles labeled I and II). The W phase and Global CMT (GCMT solution available in July 2012; Ekstrom
et al., 2012.) single-point-source solutions for the mainshock (inset green mechanisms), the W phase solutions for the 10 January foreshock (blue mechanism), for the
Mw=8.2 aftershock (yellow mechanism) and for the 5.8 < Mw < 8.2 aftershocks (red mechanisms) are shown. Yellow circles indicate the earthquake epicenters and
magnitudes from the National Earthquake Information Center (NEIC) catalog between 1 January 1973 and 10 April 2012. Red circles show the events since the Mw=8.6 11
April 2012 earthquake through May 2012. White arrows indicate the direction of motion of the Australian plate relative to the Indian plate at about 13 mm/yr (DeMets
et al,, 2010). The red triangles on the globe indicate the locations of broadband stations RER and BFO. (b) W phase waveforms recorded at station RER (epicentral distance
A=43°, azimuth ¢=235°) and BFO (4=84", ¢ =317°) during the 11 Mw=28.6 April 2012 Sumatra earthquake. In each figure, the black trace is the vertical broad-band
displacement data and the red trace is the very-long-period displacement data filtered in the 200-1000 s passband. The W phase, body wave arrivals (P, PP, S, SS) and the

Rayleigh wave train (R) are indicated.

The complexity of the Mw=8.6 Sumatra earthquake was
detected early on by preliminary source analyses (Hayes, 2012;
Kiser and Ishii, 2012; Meng et al., 2012; Shao et al., 2012; Wei,
2012). The intricate distribution of aftershocks, the complexity of
short-period body-wave waveforms and the remoteness of geo-
detic instruments due to the oceanic epicenter location make it
difficult to resolve the rupture process in detail. On the other
hand, seismic waves from the 2012 Sumatra earthquake sequence
were recorded by hundreds of global broadband seismographs,
enabling robust characterization of the overall rupture char-
acteristics at long period. The goal of this work is to provide a

reliable description of the first-order source attributes of the
mainshock and its aftershocks using long-period (100-500 s) and

ultra-long-period ( > 500 s) data. In the following, we analyze this
complicated earthquake sequence using both single-point-source
characterization and multiple-point-source inversion. This enables
us to resolve distinct aspects of the mainshock rupture process.

2. W phase inversion for point-source geometry

Great earthquakes (Mw > 8.0) generally involve rupture pro-
pagation over large distances in a few minutes. In such cases, the
point-source approximation is only valid for ultra-long-period
seismic waves such as the W phase, which corresponds to the
superposition of the first overtones of the Earth normal modes
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between 100 s and 1000 s (Kanamori, 1993). As shown in Fig. 1b,
the W phase is conspicuous between the P wave and the surface
wave train on broadband displacement records of the Mw=8.6
2012 Sumatra earthquake. The W phase source-inversion algo-
rithm was initially developed to provide rapid characterization of
the seismic source for tsunami warning purposes (Kanamori and
Rivera, 2008; Hayes et al., 2009b; Duputel et al., 2011) and is a
reliable and straightforward method to resolve the first-order
attributes of large earthquakes (Tsai et al., 2011; Duputel et al,,
2012). Point-source parameters of all events with Mw > 5.8 during
the 2012 Sumatra earthquake sequence were inverted using the
W phase algorithm. The deviatoric moment tensor components as
well as the centroid locations (latitudes, longitudes, depths) and
timings were resolved following the procedure described by
Duputel et al. (2012). The W phase solutions obtained in this study
are presented in Fig. 1a.

For the Mw= 8.6 mainshock, we inverted records of 66 broadband
stations within an epicentral distance of 90° for a point-source
moment tensor. Most of the 113 selected channels are from ultra-
long-period seismometers (STS-1) with low noise level in the 200~
1000 s passband used for the inversion. The solution is shown in
Fig. 1 (inset green mechanism) and examples of waveform fits are
included in the Supplementary material (Fig. S1). The scalar moment
is estimated to be My=92x 10 Nm (Mw=8.6) and the best
double-couple nodal planes have orientations given by strike
¢$=199°, dip 6=78° rake A=7° (NNE-SSW plane) and ¢=108°,
0=383°, A1=168° (WNW-ESE plane). The moment tensor thus deter-
mined has a relatively small intermediate eigenvalue (eigenvalues are
)1=874, 7,=0.89 and A3=—9.63 in units of 102 Nm, e=— 1,/
max(|41],/]A3|)= —0.09) compared to the Global CMT solution avail-
able in July 2012 (1,=8.10, A,=1.71 and /3=-9.81 in units of
1028 N m, = —0.17), which was obtained using mantle waves with
periods shorter than 200 s. Although the W phase solution does not
indicate any apparent complexity at ultra-long period (200-1000 s),
the larger non-double-couple component in the Global CMT solution
suggests a complicated rupture process at shorter periods for the
mainshock.

Source analysis of the Mw=8.2 aftershock is more compli-
cated since long-period waveforms are disturbed by the large
amplitude arrivals of the Mw=8.6 mainshock, which occurred
about 2 h before. To handle this, we generated a residual trace by
subtracting the synthetics for the mainshock from the data. Since
the disturbances mostly correspond to R2, G2 and G3 wavetrains
that are sensitive to shallow lateral heterogeneities, the syn-
thetics are computed using the spectral-element method (SEM,
Komatitsch and Tromp, 1999) for a 3D Earth model composed of
the mantle model S362ANI (Kustowski et al., 2008) and the
crustal model Crust 2.0 (Bassin et al., 2000). To account for the
source complexity of the mainshock, we used the two-point-
source model presented in Section 5. We then inverted for a
point-source moment tensor using the residuals between
observed seismograms and SEM synthetics in the 120-600 s
passband as the data vector. The solution shown in Fig. 1 (yellow
mechanism) was obtained using 26 stations with a well-balanced
azimuthal distribution for which examples of waveform fit are
shown in Fig. S2. This inversion also yielded a small intermediate
eigenvalue (eigenvalues are 1,=2.28, 1,=0.07 and A3=—2.35 in
units of 102 Nm, e=—0.03). The scalar moment is My=2.5 x
10’ Nm (Mw=8.2) and the best double-couple nodal planes
have orientations ¢=13°, 6=86°, A= —1° (NNE-SSW plane) and
$=104°, 6=89°, A= —176° (WNW-ESE plane).

We also performed point-source inversions to determine the
moment tensor of the 10 January foreshock (blue mechanism in
Fig. 1) and of the 5.8 < Mw < 8.2 aftershocks through May 2012
(red mechanisms). Following the strategy of Hayes et al.
(2009b), the passband is gradually shifted toward higher

frequencies for smaller earthquakes to reduce the effect of the
long-period background noise (cf., Duputel et al., 2012). The
W phase solutions are in overall good agreement with the Global
CMT and USGS CMT solutions. They all indicate strike-slip earth-
quakes except for two Mw=5.8 thrust events that occurred near
the Sunda trench on 20 April 2012 and 29 April 2012. It is difficult
to infer anything about the mainshock rupture orientation from
these results. From the NNE-SSW trends of the Ninetyeast ridge
and fracture zones in the Cocos Basin, one might guess a similar
orientation for the main rupture. This assumption is reasonable in
view of the centroid location of the Mw=8.2 event with respect
to the Mw=28.6 mainshock, but seems in contradiction with the
many aftershocks located at the western margin of the basin,
including the Mw=6.2 earthquake on 15 April 2012 and the
Mw=5.8 earthquake on 30 April 2012.

3. Surface-wave directivity and radiation pattern

The true fault plane orientation of the Mw=8.6 2012 Sumatra
earthquake is unclear. Preliminary finite fault inversions fail to
discriminate which nodal plane corresponds to the fault and the
complex distribution of aftershocks presented in Fig. 1 (also
shown in Fig. S3 in the Supplementary material) indicates two
major parallel WNW-ESE lineations separated by ~150 km and
at least one additional orthogonal NNE-SSW trend. For large
earthquakes, long-period surface waves can provide useful infor-
mation on the source finiteness and rupture directivity.

To investigate the possible directivity effects of the Mw=38.6
mainshock, seismograms were equalized to an epicentral distance
of 49=90° using the procedure described by Kanamori (1970). To
do this, we retrieve the wavefield U(w,4,¢) at distance 4o and
azimuth ¢ from the observations at distance 4 using

. 172 _
U(w,4¢,p) = <ssilr?j0> U(w,4,p)exp [i (M - ?)} exp[k(4—A40)]
(M

where m is the number of epicentral or antipodal passages in
going from 4 to A4y, and ¢ and k are respectively the phase
velocity and attenuation coefficient as a function of frequency.
This operation ideally removes the differences in propagation
effects for different stations, so the amplitude as a function of
azimuth should reflect the source’s radiation pattern. The values
of ¢ and « used for the equalization of the fundamental Love and
Rayleigh waves are from the PREM model (Dziewonski and
Anderson, 1981). We exploited both the short arc (R1, G1) and
the long arc (R2, G2) wave trains to improve the azimuthal
coverage and measured root mean square (rms) amplitudes of
equalized seismograms in the 100-400s passband. The result,
presented as inset circular plots in Fig. 2a and b and in Figs. S4-S5
in the Supplementary material, shows quite simple radiation
patterns with deep (i.e., small amplitude) nodes and a clear
asymmetry suggesting directivity in the southwest direction.

To further analyze this apparent directivity, we measured the
ratio between observed and predicted surface-wave amplitudes in
the 200-400 s passband. To remove the effect of the mechanism,
dispersion and attenuation, we used single-point-source synthetic
seismograms computed with the SEM method for a 3D Earth model
composed of the models S362ANI and Crust 2.0. We focus here on
the variation of the amplitude ratio (observed/predicted) as a
function of azimuth. The point-source solution indicates a strike-
slip mechanism, which produces four-lobed surface-wave radiation
patterns with different orientations for Love and Rayleigh waves (cf.,
inset circular plots in Fig. 2a and b). Small amplitudes (and thus
smaller signal-to-noise ratios) are expected in the nodal azimuths of
the surface-wave radiation patterns. We thus considered both
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Fig. 2. Long-period surface-wave directivity for the Mw=8.6 11 April 2012 Sumatra earthquake and for the Mw=7.3 10 January foreshock. Ratios between observed and
predicted rms amplitudes have been measured in the 200-400 s passband. (a, b) Amplitude ratios for the Mw=8.6 mainshock. (c, d) Amplitude ratio measured during the
Mw =7.3 foreshock. (a, c) Ratios for Rayleigh R1 and R2 wave trains. (b, d) Ratios for Love G1 and G2 wave trains. Short and long arc wave trains are presented respectively
using circles and triangles colored as a function of epicentral distance (4). Azimuthal variation of amplitude ratios is larger for Rayleigh waves because of their smaller
phase velocity, closer to typical rupture speeds, which enhances their sensitivity to rupture directivity. Inset diagrams are equalized Rayleigh and Love waves in the
100-400 s passband. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Rayleigh and Love waves which bring complementary information;
we used minor-arc (R1, G1) as well as major-arc (R2, G2) wave
trains to improve the azimuthal coverage of the radiation patterns. If
there were no effect of finiteness, the observed/predicted amplitude
ratios would be unity for all azimuths. For the Mw=8.6 2012
Sumatra earthquake, we clearly see in Fig. 2a and b that the
Rayleigh- and Love-wave amplitudes are enhanced in azimuths
around 260°N (i.e., 260° clockwise from north).

This directivity toward 260°N is not expected for rupture
propagation along the NNE-SSW or WNW-ESE nodal plane of
the W phase or Global CMT point-source solutions. This suggests
geometric complexity of faulting or possible bias due to structural
heterogeneities unaccounted for in the considered 3D Earth
model. To test the validity of our amplitude ratio observations,
we made the same measurements for the Mw=7.3 10 January
2012 Sumatra foreshock for which the W phase solution also
indicates a strike-slip mechanism (blue mechanism in Fig. 1).
Fig. 2c and d show no anomalous azimuthal variations of the
amplitude ratio and indicate that the observed directivity patterns
for the April 11 event are due to source effects.

We also computed equalized seismograms and observed/pre-
dicted amplitude ratios for the Mw=8.2 aftershock. As for the
moment tensor calculation presented in Section 2, we used a residual
trace by subtracting the synthetics for the mainshock from the data in
order to remove the long-period disturbances generated by the
Mw=28.6 mainshock. The equalization diagram and amplitude ratios
for the Mw=38.2 aftershock are presented in Figs. S6 and S7 in the
Supplementary material. The rupture orientation is difficult to infer
here since there is no obvious directivity visible on the equalized
seismograms and on the observed/predicted amplitude ratios. The
surface-wave radiation diagram is remarkably simple which suggests
a simpler rupture than that of the Mw=_8.6 mainshock.

4. Surface-wave moment rate functions

To further investigate the directivity and complexity of the
Mw=8.6 11 April 2012 earthquake, we computed broadband
(periods of 25-600 s) minor-arc (R1) Rayleigh-wave moment rate
functions (MRFs). We removed the dispersive wave propagation
effects by deconvolving the data by point-source synthetic seismo-
grams computed for the Global CMT solution. We chose to use this
solution instead of the W phase CMT solution since the Global CMT
synthetics better fit the Rayleigh waves in the 25-600 s passband.
An alternative approach would be to use waveforms of the
Mw=7.3 10 January foreshock as an empirical Green’s function.
This technique, however, is limited at long period by the back-
ground noise level, which can be large for a Mw=7.3 earthquake,
and at short period by the possible complexity of the moment rate
function of the foreshock. Such an empirical Green’s function
approach also has complications due to differences in locations
and focal mechanisms of the two events. To take into account the
effect of lateral structural variations, we used SEM synthetics
computed for a 3D Earth model (S362ANI and Crust2.0). We used
the projected Landweber deconvolution method (Bertero et al.,
1999; Lanza et al, 1999) imposing causality, positivity and a
maximum rupture duration of 200 s. The R1 MRFs are shown in
Fig. 3 as a function of the directivity parameter (Ruff, 1984;
Ammon et al., 2006), with the assumption of directivity toward
250°N, which allows optimal alignment of the MRFs. Similar plots
assuming rupture directivity toward 235°N and 265°N are shown
for comparison in the Supplementary material (Figs. S8 and S9).
This operation allows us to transform any cosine azimuthal move-
out into a linear moveout. The directivity effect revealed by
surface-wave amplitudes is also visible here. The MRFs have large
amplitudes and short durations in the southwest direction and the
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Fig. 3. Rayleigh wave MRFs for the Mw=28.6 11 April 2012 Sumatra earthquake. The R1 MRFs obtained using the projected Landweber method are ordered as a function of
the directivity parameter I'=cos(¢ — ¢.) [c, where ¢ is the azimuth of the station from the epicenter, ¢, is the rupture direction and c is the phase velocity (here we assume
¢=250° and c=3.8 km/s). The equivalent azimuth relative to ¢.=250° is indicated for groups of stations along the top axis. The positive amplitudes are colored as a
function of epicentral distance (4). The durations of MRFs systematically increase from 80 s to about 170 s as I" decreases from left to right. Blue lines I and II identify
discrete pulses that are visible on several MRFs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

total duration increases with decreasing directivity parameter. We
also found clear evidence of radiation complexity. As the azimuth
relative to the direction 250°N increases, a strong second pulse
shifts systematically to later times. The linear moveout of this
second pulse suggests rupture partitioning into at least two
distinct subevents, possibly aligned along an azimuth of about
250°N with respect to the Global CMT centroid location. Other side
lobes are observed around 70 s for a relative azimuth of 180° and
around 170 s for azimuths between 2° and 17°. However, because
of their relatively small amplitudes, it is difficult to associate them
to particular rupture features.

5. Multiple-point-source analysis

To account for the R1 MRFs observations that suggest two
distinct subevents for the Mw=28.6 mainshock, we performed a
multiple-point-source inversion. We simultaneously inverted the
long-period data for the subevent moment tensors, locations
(latitudes, longitudes, depths), time delays and half durations using
a modified version of the Neighborhood Algorithm sampler (NA,
Sambridge, 1999). The inversion is performed using the W phase at
shorter periods than is typically used for our single-point-source
inversions of Mw > 8.0 earthquakes, to better characterize the
complexity of the rupture. This method has been validated with
several synthetic tests and the same approach has been success-
fully applied to the 2009 Samoa earthquake (cf. Fig. S10 in the
Supplementary material). We discuss here the solutions obtained
using the 150-500 s passband.

Our preferred two-point-source model is included in Fig. 1 as
the green mechanisms and circles labeled I (first subevent) and II
(second subevent). The 10,200 locations in time and space
explored after 50 NA iterations are shown by circles in Fig. 4.
Using the two distinct pulses observed on the R1 MRFs (Fig. 3) for
guidance, the point-source delays were sampled from 10 s to 40 s
for the first subevent and from 50s to 120s for the second
subevent. Following the NA procedure, higher sampling is made
in regions associated with smaller misfits, revealing two distinct
clouds around the optimum locations for each subevent. Although
only W phase waveforms were used in the inversion, the wave-
form fits of the surface waves are significantly improved using the
two-point-source model, as shown in Fig. 5. A systematic com-
parison between predicted waveforms and observed seismograms
is shown in the Supplementary material (Figs. S11-S14).

The first subevent has a centroid time delay of 36s with
respect to the origin time and a moment of My=8.0 x 10° N m

(Mw=38.5) that represents almost 70% of the total moment. It is
located very close to the single-point-source location inferred
from W phase and Global CMT results (2.22°N, 92.74°E). The
second subevent has a centroid time delay of 106 s, with a smaller
scalar moment My=3.7 x 10> Nm (Mw=8.3), and is located
~200 km southwest of the first subevent (1.44°N, 91.04°E; see
Fig. 1). The half durations for the first and second sources are
estimated to be 43 s and 70 s, respectively. This parameter is
poorly constrained by the inversion due to the long periods of the
analyzed seismic waves.

6. Centroid depth

As shown in Fig. 6a and b, with the relative size and spatial and
temporal distribution of the two point sources used to describe the
mainshock rupture, the computed radiation patterns can reproduce
the overall directivity toward 260°N shown in Fig. 2a and b. We can
now use this model to determine a range of reasonable centroid
depths for the mainshock. Since there is almost no depth depend-
ence of sensitivity kernels for Love waves, we show the result for
Rayleigh waves (more details are provided in the Supplementary
material). Fig. 7 compares the amplitudes of the observed Rayleigh
waves in the 200-600s passband with those of the two-point-
source synthetics computed for depths from 10 to 60 km. The
synthetics are computed using SEM for a 3D Earth model combining
S362ANI and Crust 2.0, with a Moho depth of less than 10 km in the
source region. It is clear that the centroid depth of 30 km can best
explain observed amplitudes (since the best-fit line to the observed
and predicted amplitudes - in red - most closely matches a 1:1
relationship shown with a dashed line). Thus, the two-point-source
model shown in Fig. 4 with a centroid depth of 30 km is the long-
period source model for the Mw=8.6 11 April Sumatra earthquake
that is constrained most objectively by the data.

We performed the same analysis to estimate the centroid
depth of the Mw=8.2 aftershock. To eliminate the disturbances
caused by the long-period surface-wave arrivals of the Mw=8.6
mainshock, we substracted the SEM synthetics for the two-point-
source model from the data and used a shorter period passband
(100-400 s). Fig. 8 compares the observed Rayleigh wave ampli-
tudes with those of the SEM synthetics computed at different
depths for the single-point-source model presented in Section 2
for the Mw=8.2 aftershock. This analysis suggests that the
Mw=38.2 11 April Sumatra earthquake occurred at a depth similar
to the Mw=8.6 mainshock, since the observed amplitudes are
best explained by centroid depths around 30-40 km.
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7. First-order determination of fault planes

The two-point-source model presented so far for the Mw=238.6
mainshock is a robust result and requires virtually no assumptions.
However, we can refine our model results by making a few reason-
able assumptions. The surface-wave radiation patterns shown in
Fig. 6b suggest that slightly stronger directivity toward 260°N would
improve the match between the observed and computed radiation
patterns of both Love and Rayleigh waves. Since in the previous
analysis the temporal finiteness for each of the two point sources is
modeled by a single MRF for all stations (i.e., an isosceles triangle),

the only directivity for such a model comes from the relative offset
of the two subevents in space and time. A simple way to improve
the directivity fit toward 260°N is to replace the isosceles MRF by an
azimuthally dependent MRF of an asymmetric bilateral rupture
using a source finiteness function of the type introduced by
Ben-Menahem (1961) and Haskell (1963). The parameters involved
are L1, fault length in the rupture direction; L2, fault length in the
opposite direction; V, rupture speed; and 7, the local rise time. We
assume that the slip distribution is uniform, V=1.8 km/s, and
t=25s. The rupture velocity was chosen to agree with preliminary
finite-fault inversion results (Hayes, 2012; Shao et al., 2012; Wei,
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2012; Yue et al, in press). The relatively large t assumed here
reflects the large amount of slip resulting from the large moment
and the relatively small source dimension. Our objective is to make
a slight modification of the two-point-source model to better match
the observed radiation patterns using a model of simple asymmetric
bilateral faulting. We gridsearched for an optimum faulting orienta-
tion (assuming the two possible fault strikes for each mechanism)
and rupture propagation lengths, L1 and L2. The explored para-
meters and the corresponding rms misfit values are shown in
Fig. S18. The optimum model shown in Fig. 6¢ corresponds to two
WNW-ESE parallel bilateral faults. Although the optimum model
shows asymmetric ruptures with a predominant propagation in the
288°N direction, the absolute length of both fault segments for each
subevent depends on the assumed rupture speed, and is not
constrained well. The optimum rupture lengths are L1=100 km,
[2=40 km for source I and L1=60 km, L2=40 km for source II. On
the other hand, the fault orientation is relatively well established
here since modification of the rupture azimuth for either of the two
subfaults clearly affects the predicted radiation patterns (cf. Figs. S17
and S18 in the Supplementary material). This result is consistent
with the aftershock distribution (cf. Fig. 1 and Fig. S3 in the
Supplementary material), which suggests that slip was dominated
by rupture on two subparallel WNW-ESE faults.

The partitioning of the rupture into distinct subevents can also
be observed at shorter periods. We computed stacks of P-wave
coda envelopes in the 0.7-5 s passband for epicentral distances of
30-95°. All vertical component traces within this epicentral dis-
tance range are corrected for the instrument response and band-
pass filtered between 0.7 s and 5 s. The corresponding envelopes

are then aligned with respect to the P wave arrival and stacked in
azimuth bins of 10°. All stacks of less than 3 channels are rejected.
As shown in Fig. 9c, a discrete phase can be easily tracked around
100 s after the P wave arrival for different station azimuths. This is
in good agreement with the timing of the second subevent.

Meng et al. (2012) also performed back-projections of short
period (1-2s) P waves from the Japanese Hi-Net network and
European networks using the MUSIC technique. The backprojec-
tion images and their interpretation are not the main purpose of
the current study and they are referenced here for comparison
with our long-period observations. The results obtained by Meng
et al. (2012) are presented in Fig. 9a and b. There is an overall
good agreement between the spatio-temporal positions of high-
frequency radiation peaks and the proposed two-subevent model.
From back-projection images, Meng et al. (2012) proposed the
following complex rupture process presented in the inset scheme
in Fig. 9a. The rupture initiated on a WNW-ESE fault (fault A)
within the first 25 s after the origin time, followed by a NNE-SSW
bilateral rupture (fault B) up to 80 s after the origin time. This was
followed by a rupture along a second WNW-ESE fault (fault C)
located about 150 km south of the first fault (fault A). This stage
lasts until 150 s after origin time when rupture ends on a parallel
WNW-ESE fault (fault D) close to the Ninetyeast ridge. Besides
the clear pulse around 100 s visible on stacks of P-wave coda
envelopes (Fig. 9c), we also see other discrete, but less coherent
phases around 60 s and 180 s after the P arrival time which may
be related to the intermediate rupture on fault B and to the late
WNW-ESE faulting on fault D. However, the intermediate rupture
on fault B and the late rupture on fault D are not obvious in our
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Fig. 6. Comparison of observed and predicted surface-wave radiation patterns for three simple rupture models. Comparison of observed (red circles) and predicted (blue
triangles) equalized amplitudes for Rayleigh R1, R2 (middle) and Love G1, G2 (right). (a) Single-point-source model. (b) Two-point-source model. (c) Optimum source
model assuming uniform slip and horizontal rupture propagation: two parallel WNW-ESE bilateral ruptures with significant directivity in the WNW direction. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

long period results. We performed 3-point-source inversions
using different frequency bands (i.e.,, 120-400s, 150-500 s and
200-500s) but they did not provide stable results, with the
optimum location of the two later subevents being randomly
distributed in time and space. This could be explained if the high-
frequency radiators on faults B and D did not involve large
amounts of slip compared to WNW-ESE faulting on faults A and
C; such disparity between short-period and long-period radiation
has already been observed for large megathrust earthquakes such
as the Mw=9.0 2011 Tohoku-oki earthquake (Meng et al., 2012),
the Mw=238.8 2010 Maule Chile earthquake (Kiser and Ishii, 2011)
and the Mw=9.1 2004 Sumatra earthquake (Lay et al., 2012). This
assumption is compatible with the finite-fault model proposed by
Yue et al. (in press) which suggests that the two main slip
contributions are associated with faults A and C, with smaller
slip being associated with faults B and D. Although the focal
mechanism on the intermediate NNE-SSW fault (fault B) is still a
matter of debate, the surface-wave radiation pattern for the
whole rupture shows very clear and deep nodes (Figs. 2 and 6)
which rules out any significant thrust or normal subevents.

8. Discussion and conclusion

Various seismological observations from high-frequency
P waves to long-period surface waves reveal a remarkable

complexity in the early stages of the 2012 Sumatra earthquake
sequence. Our analysis of long-period seismic waves yielded a two-
point-source model for the Mw=8.6 mainshock. The first subevent
has a magnitude of Mw=8.5 with a centroid time of 36 s after the
origin time. The second subevent has a magnitude of Mw=8.3 with
a centroid time of 106 s after the origin time. The best-fit centroid
depth is 30 km for both subevents. This two-point-source model is
currently the most robust zeroth-order model that can explain the
overall asymmetry of long-period (100-400 s) Rayleigh and Love
wave radiation patterns for the Mw=_8.6 mainshock.

To explain the remaining discrepancy in the radiation patterns,
we can invoke a simple asymmetric bilateral rupture for both the
first and the second subevents. This model with simple parameter-
ization involves two parallel WNW-ESE faults separated by about
150 km, shown in Fig. 6¢. This interpretation of a dominant slip
contribution from two parallel WNW-ESE faults is compatible with
the MRF back-projection and with the slip model proposed by Yue
et al. (in press). Such fault orientations have been previously
observed on multibeam bathymetry and seismic reflection profiles
along the Ninetyeast Ridge (Sager et al., 2010; Meng et al., 2012)
and are in good agreement with the distribution of aftershocks,
which highlight two clear parallel WNW-ESE trends. These WNW-
ESE oriented ruptures are also very consistent with the predicted
motion of the Australian Plate relative to the Indian Plate of about
13 mm/yr in the direction of 316°N (white arrows in Fig. 1, DeMets
et al., 2010).



Predicted amplitude, mm

Predicted amplitude, mm

Z. Duputel et al. / Earth and Planetary Science Letters 351-352 (2012) 247-257

255

3.0— ‘ - 3.0— - ‘ .
Depth=20km g Depth=30km
2.5 2.5f |
°
2.0 2.0f . |
15 1.5 (]
oo
1.0 1.0f |
0.5 0.5t |
05 10 15 20 25
Depth=60km I

15 20 25

1.0
Observed amplitude, mm

0.5 3.0

05 1.0 15 20 25
Observed amplitude, mm

1.0 15 20 25
Observed amplitude, mm

0.5

3.0

Fig. 7. Comparison between observed and predicted long-period Rayleigh wave amplitudes for the Mw=28.6 mainshock at different centroid depths. The amplitudes are
measured in the 200-600 s passband and predicted amplitudes are computed for the two-point-source model presented in Section 5. Black circles and triangles indicate
the rms amplitudes measured for R1 and R2, respectively. The corresponding least-square best-fit line is shown in solid lines and the 1:1 relationship between data and
synthetics is shown with a dashed line.

Predicted amplitude, mm

Predicted amplitude, mm

2.0} Depth=10km .o 01 20 Depth=20km o Depth=30km i
[ > °® P fi3
1.5¢ YA - {1 1sf . 150 & 1
. ® - Y Vet
e /s . ‘ K
. rd i e % .
1.0 2 1.0 A 1.0 o
o8 £
0.5 { 05} % 0.5 ) 1
(Y A

0.0 : - ‘ 0.0 - ‘ - 0.0 ‘

0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
2.0| Depth=40km .“ A 201 Depth=50km . 1 20 Depth=60km it

s # s
e % F ’ s 7
15f 57 {1 15} e 1.5} yid |
4 e '
s F 4 rd
7’ s 4
.’ s ‘ s £
1.0+ ’ 1 10f % 1.0+ L’ 1
) ’ R ( ] ; L7 "
[ ) . P
0.5 0.5 7 0.5 7
. 7, . 4

0.0 . . . 0.0 . " . 0.0 .

0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Observed amplitude, mm

Observed amplitude, mm

Observed amplitude, mm

Fig. 8. Comparison between observed and predicted long-period Rayleigh wave amplitudes for the Mw=28.2 aftershock at different centroid depths. The amplitudes are
measured in the 100-400 s passband and predicted amplitudes are computed for the single-point-source model presented in Section 2. Black circles indicate the rms
amplitudes measured at each station. The corresponding least-square best-fit line is shown in solid lines and the 1:1 relationship between data and synthetics is shown

with a dashed line.

From the relative centroid locations we obtained for the
Mw=38.6 mainshock and the Mw=8.2 aftershock, and from the
NNE-SSW lineations of the fracture zones in the Cocos Basin, one
might theorize that the main rupture would have occurred on a

fault with a similar NNE-SSW orientation. Moreover, most
historic events in this region have been previously interpreted as
slip on NNE-SSW striking faults. The dominant rupture on WNW-
ESE faults thus brings a new perspective on the seismotectonics of
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the diffuse Indo-Australian plate boundary. This would not be the
first time a major intraplate earthquake has ruptured at high angle
to the existing fracture zones. The Mw=8.1 1998 Balleny Islands
earthquake stands as a good example for this (Hjorleifsdottir et al.,
2009). Satriano et al. (in press), however, proposes a different inter-
pretation involving several sequential NNE-SSW ruptures. Their
interpretation does not seem to be compatible with our refined
model involving two subevents that have strong directivity toward
the WNW. The back-projection results presented by Satriano et al.
(in press) are not, however, inconsistent with our results. This is
particularly true for their high-resolution image obtained with a
passband of 0.5-1.0 Hz, which is in very good agreement with our
most robust two-point-source model. We do not exclude such
complicated models involving (possibly orthogonal) NNE-SSW
faults, as long as these ruptures do not violate the constraints from
long-period waves (i.e., scalar seismic moment, surface wave
radiation pattern and the overall westward directivity). If more
complex rupture models are preferred from other data sets, such as
very high-frequency P waves and teleseismic body waves, these
models can be tested against the long-period data presented here,
especially the surface-wave radiation patterns, shown in Fig. 6c.
The Mw=38.6 mainshock was followed two hours later by a
Mw=8.2 aftershock, which occurred approximately 200 km to
the south. To analyze the source of this major aftershock, we

subtracted the SEM synthetics for the Mw=28.6 mainshock from
the data and used the corresponding residuals as the data vector.
This was done to clean up the seismograms from large amplitude
disturbances due to the surface-wave arrivals of the Mw=8.6
mainshock. The focal mechanism obtained for the Mw=8.2
aftershock shows a very small non-double-couple component.
This result as well as the surface-wave radiation diagram suggest
a simpler rupture than the Mw=28.6 mainshock. This is in good
agreement with backprojection results that indicates a simple
bilateral rupture along a NNE-SSW fault (Meng et al., 2012).
Our analysis of the surface-wave amplitudes points out a large
centroid depth (h.~30 km) both for the Mw=8.6 mainshock and
the Mw=8.2 aftershock. This indicates a relatively large depth
extent of faulting. If we consider the simple case of uniform slip
with depth up to the seafloor, the depth extent of faulting would
be as much as 60 km (i.e., 2h,, assuming negligible variation of the
shear modulus as a function of depth), so that the slip potency
above and below the centroid is equal. If the slip linearly
decreased with depth, then the depth extent could be as much
as 90 km (i.e., 3h.). The latter is more consistent with several
finite-fault inversion results for the Mw=8.6 mainshock which
indicate fairly large slip at shallow depths (Hayes, 2012; Shao
et al, 2012; Wei, 2012; Yue et al., in press). In any case, the
Mw=8.6 and Mw=8.2 2012 Sumatra earthquakes most likely



Z. Duputel et al. / Earth and Planetary Science Letters 351-352 (2012) 247-257 257

involved substantial lithospheric deformation that may even-
tually lead to the formation of a localized plate boundary.
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The 2012 Sumatra great earthquake sequence
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Centroid depth

The source excitation kernels of long-period fundamental mode Love waves for a
strike-slip source such as the Mw=8.6 Sumatra earthquake do not vary much
with depth within the first hundred kilometers (Kanamori and Given, 1981). On
the other hand, the corresponding Rayleigh wave kernel values decrease with
depth. This is illustrated on Fig. S15b which shows Rayleigh and Love wave
seismograms at station AQU computed for two different centroid depths (10 km
and 30 km). The Love waveform is very similar for different centroid depths

contrarily to Rayleigh waves for which the amplitudes decrease with depth.

To obtain an estimate of the centroid depth for the Mw=8.6 mainshock, we
compare directly the observed and predicted Rayleigh wave / Love wave
amplitude ratios (R/L ratios) at different depths. The depths estimated at

individual stations are presented on the histogram in Fig. S15a. We also
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measured an average R/L ratio after amplitude equalization to A=90° (using the
procedure of Kanamori, 1970) and azimuthal correction due to the mechanism.
The comparison of the average observed and predicted R/L ratios is shown on
Fig. S15a, for 3 different source models: Global CMT, W phase single-point-
source solution and the double-point-source model presented in section 5 of the
main text. This first order depth estimation clearly excludes the possibility of a
very shallow centroid depth and suggests an optimum depth around 30 km.

Another way of estimating the centroid depth is to focus on the Rayleigh waves
only and to compare the observed and predicted amplitudes at different depths
for different source models. SEM synthetics were computed for a 3D earth
(S362ANI and Crust2.0), for various depths between 10 km and 60 km. The
optimum depth can then be defined as the one showing observed/predicted
amplitude ratios closest to unity. Fig. S16 shows the amplitude ratios computed
for the Global CMT and for the two-point-source model presented in section 5.
Although the effect of source directivity makes this plot difficult to interpret, it
seems that the optimum source depth ranges between 20 km and 40 km. This is
clearly confirmed by the direct comparison between observed and predicted
amplitudes shown on Fig. 7 of the main text that indicates an optimum centroid

depth around 30 km.
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Supplementary Figures
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Figure S1: W phase waveform comparison for the Mw=8.6 2012 Sumatra
earthquake. Examples of observed waveforms (black lines) and the
corresponding synthetics (red lines) computed from the point-source W phase
solution are presented. The station azimuth (¢) and epicentral distance (A) are
indicated, as well as the W phase time window, bounded by red dots. W phase
and later arrivals are generally well predicted at very long period. For some
channels like DGAR-LHZ, QIZ-LHN, BJT-LHN or RAYN-LHZ, the surface waves are
affected by instrument problems (i.e., clipping), though the W phase signal is not

affected.
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Figure S2: W phase waveform comparison for the Mw=8.2 2012 Sumatra
aftershock. Examples of residual traces obtained by subtracting double-point-
source SEM synthetic seismograms for the Mw=8.6 mainshock from the data
(black lines) and the corresponding synthetic seismograms for the Mw=8.2
aftershock (red lines) are shown. The station azimuth (¢) and epicentral
distance (A) are indicated, as well as the W phase time window, bounded by red
dots. Large amplitude surface waves emerging after the W phase (i.e,
fundamental Rayleigh and Love waves) are generally very well predicted by the

W phase solution, even though they are not included in the inversion.
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Figure S3: Distribution of the mainshock and aftershocks during the 2012
Sumatra earthquake sequence. The earthquakes hypocenter location from the
NEIC catalog between 11 April 2012 and 3 May 2012 are depicted as circles. The

circles radius scales linearly with the earthquake magnitude.
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Figure S4: Equalized Rayleigh waves (R1 and R2) for the Mw=8.6 2012

Sumatra earthquake. All the seismograms are equalized to a distance of Ag=90°.

The vertical scale gives the trace amplitude in the 100-400 s passband. The

equalized seismograms are ordered as a function of the station azimuth at the

source (¢).
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Figure S5: Equalized Love waves (L1 and L2) for the Mw=8.6 2012 Sumatra

earthquake. All the seismograms are equalized to a distance of Ap=90°. The

vertical scale gives the trace amplitude in the 100-400 s passband. The equalized

seismograms are ordered as a function of the station azimuth at the source (¢).
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Figure S6: Equalized Rayleigh waves (R1 and R2) for the Mw=8.2 2012

Sumatra earthquake. All the seismograms are equalized to a distance of Ag=90°.

The vertical scale gives the trace amplitude in the 100-400 s passband. The

equalized seismograms are ordered as a function of the station azimuth at the

source (¢).
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Figure S7: Long-period surface-wave directivity for the Mw=8.2 11 April
2012 Sumatra earthquake. Ratios between observed and predicted rms
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circles are colored as a function of epicentral distance (A).
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Figure S$8: Rayleigh wave MRFs for the Mw=8.6 11 April 2012 Sumatra
earthquake ordered assuming a rupture direction ¢, = 235°. The R1 MRFs
obtained using the projected landweber method are ordered as a function of the
directivity parameter I'=cos( ¢ - ¢r )/c, where ¢ is the azimuth of the station
from the epicenter, ¢ is the rupture direction and c is the phase velocity (here

we assume ¢ = 235° and c = 3.8 km/s).
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Figure S9: Rayleigh wave MRFs for the Mw=8.6 11 April 2012 Sumatra
earthquake ordered assuming a rupture direction ¢, = 265°. The R1 MRFs
obtained using the projected landweber method are ordered as a function of the
directivity parameter I'=cos( ¢ - ¢r )/c, where ¢ is the azimuth of the station
from the epicenter, ¢ is the rupture direction and c is the phase velocity (here

we assume ¢r = 265° and c = 3.8 km/s).
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Figure S11: Waveform fits for the double-point-source model. Examples of
observed waveforms (black lines) and the corresponding synthetics (red lines)
computed from the two-point-source model solution are presented. The station
azimuth (¢) and epicentral distance (A) are indicated, as well as the W phase

time window, bounded by red dots.

Duputel et al. Supplementary material 13



Displacement, mm

ABPO, LHZ (¢,A) =242.7° 49.8°
: T R |

10F -t

HIA, LHN (¢.A) =21.9° 52.0°

2000

5
0
-5
3000 0 500 1000 1500
MD), LHE (¢,4) =32.1° ,53.0°
s P
0

Displacement, mm

ARU, LHrZ (6,4) =3(§8.8° .60.6° .

B R o S cedee e -10 i cedie I “de \

0 500 1000 1500 2000 3000 O 500 1000 1500 2000 2500 3000
e 6 MAJO, LHZ (¢.A) =4‘_§.l° .53.8° BRVK, LHZ (¢.A) =343.2° ,54.0°
5 4 . 5 :
s 2
E 0 0
o =2
% -4 : ST KPR PORUITU: SATRIUIIRRIPOY: DRt I 0 HRUIOIII
g 6 L I I ] 1 1 h

0 500 1000 1500 2000 2500 3000 O 500 1000 1500 2000 2500 3000
E ot e)=108 0501 or e ONRIHE LA SR
£ 10 : :
£ st 5
<
£ 0 ® 0
Y
£ -5F )/ -5
é =10f e bbbt oo Tk il feoceacccccaceay ) =10k-eeeeeee .. FOT O HETP | A .o g

0 500 1000 1500 2000 2500 3000 O 500 1000 1500 20 2500 3000

. ARU, LHN (6.4) =33'8.8° ,60.6° .

£
I .
= 2k
=
2 o py IR SRR A W A VO WP B
2 -5 -2
> : \ -4 ; conchen v
a5 -10 i L L 1 h ! 1 1 1 h
500 1000 1500 2000 2500 3000 O 500 1000 1500 2000 2500 3000
KIV, LHE (¢,A) =320.4° ,60.8°

I T T -
-
=
=
£
2 [

0 500 1000 1500 200 2500 3000 0 500 1000 1500 2000 2500 3000

MBAR, LHN (¢.A) =268.1° ,62.4° CAN, LHN (6,A) =131.2° 64.2°

E 20T Frestescascee T AT T : [1] ~TTTTTerres sererrereer Fonannanaseand Ty L
£ :
g 10 s|
£ 0 ® 0 ®
L
E!’ -10} P
g -20kL b IS d =10k FESRISSRSTISS, SISTISINPITISS SUTISTES | J08 UIRISRITRPITIN .o

0 500 1000 1500 2000 2500 3000 O 500 1000 1500 2000 2500 3000
£ ' ANTO, U;iZ (6.4) =(‘l‘13.0",66.0"r TAU, LH'Z (¢,A)=1$§‘9.4°,66,3° .
E P A Blciiienicnoseibisnncssccesssidossasansess :
=
Q
s 0 0 L 2
g
g . ; ; ; . hl ; , : ; .

0 500 1000 1500 2000 2500 3000 O 500 1000 1500 2000 2500 3000
e LSZ, LH!Z (6,A) =252.3° ,66.5° . OBN, LH? (o, A)=3?9.2° 69.5° :
E : H
- 5 [ T T e STTITITITI :
s H
£ 0 0 ° A
g sl ) :
g ) i i i :

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

Time, sec Time, sec

Figure S12: As in Fig S11.
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Figure S13: As in Fig S11.
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Figure S14: As in Fig S11.
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Figure S15: Variation of Rayleigh-wave and Love-wave amplitudes as a
function of depth. a. Rayleigh/Love wave amplitude ratios. The observed
average amplitude ratios (dashed lines) are compared with the predicted
average amplitude ratios computed at different depths for different source
models (continuous lines). The depths estimated at individual stations are
summarized on the histogram at the bottom. b. Observed and predicted
waveforms for the two-point-source model at centroid depths of 10km and

30km.
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Figure S16: Long-period Rayleigh-wave amplitude variation with depth.
Observed / predicted amplitude ratios have been measured in the 200s-600s
passband assuming the Global CMT and the two-point-source models. R1 and R2
Rayleigh wave trains are presented respectively using circles and triangles. The
amplitude ratios have been computed assuming different centroid depths
indicated by the colors. Colored lines are smoothed amplitude ratio

measurements for each depth.
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e

Figure S17: Examples of observed and predicted surface-waves radiation
patterns for simple rupture models (uniform slip, horizontal rupture
propagation). Comparison of observed (red circles) and predicted (blue
triangles) equalized amplitudes for R1, R2 (middle) and G1, G2 (right). a. Single-
point-source model. b. Two-point-source model. ¢. Optimum model with two
parallel WNW-ESE bilateral ruptures. d. Example of two orthogonal NNE-SSW
and WNW-ESE bilateral ruptures. e. Example of two parallel NNE-SSW bilateral

ruptures.
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Figure S18: Summary of explored finiteness parameters for the Mw=8.6
2012 Sumatra earthquake. Rupture lengths (L1 and L2) and azimuths are
regularly sampled for source I (first subevent, top 3 panels) and for source II
(second subevent, lower 3 panels). Blue lines indicate the optimum set of

parameters.
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