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Abstract The 2012 Indian Ocean earthquake sequence (Mw 8.6, 8.2) is a rare example of great strike-slip
earthquakes in an intraoceanic setting. With over a decade of Gravity Recovery and Climate Experiment
(GRACE) data, we were able to measure and model the unanticipated large coseismic and postseismic gravity
changes of these events. Using the approach of normal mode decomposition and spatial localization, we
computed the gravity changes corresponding to five moment tensor components. Our analysis revealed that
the gravity changes are produced predominantly by coseismic compression and dilatation within the
oceanic crust and uppermantle andby postseismic verticalmotion. Our results suggest that the postseismic
positive gravity and the postseismic upliftmeasuredwithGPSwithin the coseismic compressional quadrant
are best fit by ongoing uplift associated with viscoelastic mantle relaxation. Our study demonstrates that the
GRACE data are suitable for analyzing strike-slip earthquakes as small asMw 8.2 with the noise characteristics of
this region.

1. Introduction

The Mw 8.6 Indian Ocean earthquake of 11 April 2012 occurred ~100–300 km west of the Sunda megathrust
(Figure 1). This earthquake was part of a sequence of large strike-slip earthquakes that started with a Mw 7.2
foreshock 3months before the Mw 8.6 main shock, and it was followed by a Mw 8.2 aftershock 2 h afterward
[e.g., Duputel et al., 2012]. Seismic data analysis found tens of meters of slips were released mostly within the
upper 40 km in 100 s but with slip extending to depths of 60 km, unusually deep for earthquakes within the
oceanic lithosphere [Wei et al., 2013; McGuire and Beroza, 2012; Hill et al., 2015]. The transient, dynamic
stressing from this large, high-stress drop event caused a short-term increase in global seismicity rates at
magnitudes 4.5<Mw< 7.0 [Pollitz et al., 2012, 2014].

This sequence of strike-slip events followed theMw 9.2 2004 Sumatra-Andaman andMw 8.6 2005 Nias-Simeulue
earthquakes located along the Sunda subduction zone. Coulomb stress calculations show that thrust faulting
associated with these great earthquakes favors slip on outer-rise strike-slip faults that are oblique to the
trench [Rollins and Stein, 2010; Meng et al., 2012]. Additionally, the timing of the strike-slip sequence may
have been modulated by postseismic stress buildup associated with viscoelastic relaxation following the
2004–2005 great earthquakes [Delescluse et al., 2012].

The coseismic and postseismic surface deformation associated with the 2012 strike-slip events has been
measured with GPS, such as Sumatran GPS Array (SuGAr) network; however, the GPS sites are only at
distant locations in northern Sumatra (>300 km) and additionally due to the proximity to the Sundra
megathrust may include deformation due to other nearby processes.

The gravitational potential changes for this event have been also measured through changes of
instantaneous relative motions of two Gravity Recovery and Climate Experiment (GRACE) satellites
coorbiting around 500 km altitude [Han et al., 2013]. We used the time series of monthly GRACE solutions
of the global gravity fields processed by optimizing the signals over the Indian ocean earthquake region to
document the gravity change prior to, during, and following these large oceanic strike-slip events. We
examined the gravity data to understand the coseismic and postseismic deformation by contrasting seafloor
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vertical motion and compression and
dilatation involved with the horizontal
motion of the faults. We tested
viscoelastic relaxation models with a
series of alternate rheological structures
against the observed postseismic gravity
change to constrain the rheological
response of the oceanic lithosphere and
asthenosphere. Finally, our results were
compared independently with some of
the GPS vertical motion measurements in
northern Sumatra.

2. GRACE Gravity Observations

We computed the average gravity changes
over 2 years after the earthquakes from
June 2012 to June 2014 with respect to
the mean field from April 2010 to March
2012, using the monthly solutions of
global gravity fields (Level 2 products)
processed by University of Texas Center
for Space Research [Tapley et al., 2004].
The GRACE gravity solution was not
available for the month of May 2012 due
to lack of accelerometer measurements.
Figure 1a presents the observed gravity
change of the coseismic and postseismic
deformation, computed at the spatial
resolution of 500 km (spherical harmonic
degree and order up to 40) without

smoothing or any a posteriori filter applied. The positive gravity change up to 6 μGal (P1) or larger was
found around the Aceh region and the Simeulue island, and the same size of gravity change is found
southwest of the epicenter in the middle of the Indian Ocean (P3). The negative gravity change
with the same magnitude is also found northwest (P4) and southeast (P2) of the epicenter. It was
anticipated that no significant vertical motion would result, and thus no significant gravity change,
after any strike-slip event. However, the GRACE data demonstrated the first-ever measurement of
gravity change after strike-slip earthquakes as featured in Figure 1a. In the following sections, we
elaborate on the detailed processes responsible for such gravity change during the coseismic and
postseismic period.

Figure 1b presents the coseismic gravity change computed using the seismic finite fault model of theMw 8.6
main rupture from Yue et al. [2012] and the centroid moment tensor solution of the Mw 8.2 aftershock from
Duputel et al. [2012]. The effect of the ocean interacting with the seafloor motion was considered. The gravity
change from the aftershock is about 20% of that from the main shock. The spatial patterns of the aftershock
and the main shock are nearly identical at the resolution of this study. The gravity change computed from the
finite fault model of Wei et al. [2013] is different by less than 1μGal.

The difference between the observed and synthetic coseismic gravity fields, that is shown in Figure 1c,
presents a similar spatial pattern to the seismic model but with a reduced amplitude by ~50% (or ±3μGal).
Yue et al. [2012], Duputel et al. [2012], and Wei et al. [2013] reported 1.2–1.3 × 1022 Nm of the moment
release from the Mw 8.6 main shock and Duputel et al. [2012] and Wei et al. [2013] found 0.2–0.3 × 1022 Nm
from the Mw 8.2 aftershock. The total moment of 1.4–1.6 × 1022 Nm was released and responsible for the
gravity change as depicted in Figure 1b. Nearly 50% of the gravity difference (~0.7–0.8 × 1022 Nm) as
shown in Figure 1c is too large to be associated with the uncertainty of the seismic fault models. It is also

10°

0°

-10°

10°

0°

-10°

80° 90° 100° 110° 80° 90° 100° 110°

80° 90° 100° 110° 80° 90° 100° 110°

(a) Observed gravity change (b) Seismic model

(c) Postseismic gravity change (d) Background data noise

Figure 1. (a) The GRACE observed gravity change due to the 2012 Indian
Ocean earthquakes is computed by differencing the 2 year mean field
before and after the earthquake. (b) The synthetic gravity change caused
by the coseismic deformation is computed using a seismic finite fault
model. (c) The postseismic GRACE gravity change is computed by
subtracting the seismic model prediction shown in Figure 1b from the
mean difference field shown in Figure 1. (d) The same as Figure 1a but
during the two years between 2010–2011 and 2008–2009 inferring the
background noise level of the GRACEmean fields (including the postseismic
gravity signals after 2004 Sumatra-Andaman rupture).
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larger than the GRACE data noise as inferred by the mean difference during the years with no great
earthquake (Figure 1d). Therefore, we assert it is related to postseismic processes.

The monthly time series of the GRACE gravity data were examined at four distinct locations at the
compressional (P1 and P3) and dilatational (P2 and P4) quadrants. Figure 2 shows the GRACE monthly
gravity values evaluated at each location of P1 through P4 (black lines with circles), the data fit (gray lines),
and the residuals (red lines with circles). The GRACE data before the 2012 Indian Ocean earthquakes were
used to calculate the data fit using parameters such as seasonal sinusoids (for climate signals), 161 day
sinusoids (for S2 ocean tide), Heaviside step (for the 2004 Sumatra-Andaman earthquake), and logarithmic
function (for the postseismic deformation after the 2004 earthquake). Then the data fit was extrapolated
to the entire GRACE data to compute the residuals shown with red colored lines. This process effectively
removes the majority of the signals not associated with the 2012 Indian Ocean earthquake, including the
coseismic and postseismic effects of the 2004 Sumatra-Andaman earthquake. The coseismic gravity
increase and decrease were clearly observed in association with the 2012 earthquakes at the
compressional (P1 and P3) and dilatational (P2 and P4) quadrants, respectively. However, the gravity data
evaluated at each point location is too noisy to quantify any meaningful temporal gravity change related
to the postseismic process. An alternate and better approach is to decompose the gravity field data into
moment tensor components, as used in Han et al. [2013, 2014].

3. Normal Mode Decomposition of Gravity Data

Coseismic and postseismic changes in Earth’s gravitational field result from a combination of volumetric
strain (producing change in the Lagrangian density) and redistribution of mass through static and quasi-
static displacements, particularly vertical motions across discontinuities in reference density. According to
Kanamori and Given [1981] and Pollitz [1997], the gravity and displacement time series at each location is
computed by linear combination of the changes (eigenmodes) corresponding to five independent
moment tensor components of Mrr, Mrθ, Mrφ, Mθθ�Mφφ, and, Mθφ (r for radius, θ for colatitude, and φ for
longitude). Following the procedures of normal mode decomposition and spatial localization used in Han
et al. [2014] for the 2011 Tohoku-Oki earthquake analysis, we computed the spatial patterns and the
respective time series of GRACE gravity observations in terms of the earthquake moment change. For

Figure 2. Time series of the GRACE gravity measurements at four locations, at the center of the two compressional and two
dilatational quadrants. The exact location is marked with the black cross symbol in Figure 1a. The black and gray line
indicates the GRACE data and the data fit of the seasonal change and coseismic and postseismic change of the 2004
Sumatra-Andaman earthquake, respectively. The red line is the residual data (black minus gray) that retains the gravity
change associated only with the great 2012 earthquake.
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these earthquake mechanisms, GRACE resolves the gravity changes associated with Mrθ and Mθφ

components several times better than the other components of Mrr, Mrφ, and Mθθ�Mφφ due to the
sampling nature of intersatellite ranging between two spacecraft in the near-polar orbit [Han et al., 2013,
2014]. Therefore, the data noise at a fixed spatial location would be dominated by errors in the observed
gravity changes corresponding to Mrr, Mrφ, and Mθθ�Mφφ.

The spatial patterns of the gravity changes corresponding to Mrr, Mrθ, Mrφ, Mθθ�Mφφ, and, Mθφ are shown in
Figure 3 (left column). We used a depth of 30 km for the centroid from Duputel et al. [2012]. As discussed in
Han et al. [2013], the isotropic (monopole) gravity change is particularly sensitive to the centroid depth
(precisely speaking, the bulk modulus at the centroid location). The GRACE time series of the respective

Figure 3. (left column) The predicted spatial patterns of the gravity changes to be excited by five independent moment
tensor components of Mrr, Mrθ, Mrφ, Mθθ�Mφφ, and, Mθφ, respectively. The exact scale is dependent on the moment
tensor (the negative to positive values are depicted with blue to red colors). The average coordinate of the finite fault
sources is 1.8°N, 92.3°E (depicted as a red star) and the depth is 30 km. (right column) The corresponding temporal
variations of each component of the gravity change before and after the earthquake. The GRACE observations are shown
by gray circles with the error estimates. The synthetic gravity changes computed from the finite fault model are shown in
thick black solid line. The depicted postseismic viscoelastic gravity changes computed from the Maxwell asthenosphere
model with the viscosity of 5 × 1017 Pa s (blue), 1018 Pa s (green), 5 × 1018 Pa s (red), and 1019 Pa s (cyan) and from the
biviscous (Burgers body) asthenosphere model with transient viscosity of 1018 Pa s and steady state viscosity of 1019 Pa s
(purple). Note the mathematical expressions of the gravity spatial pattern gM and the associated temporal pattern γM(t)
were defined in Han et al. [2014].
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moment estimates are shown next to the spatial map in Figure 3 (see the supplementary material of Han et al.
[2014] for the mathematical detail). Each time series was detrended by removing the effect of seasonal
climate signal and of the 2004 Sumatra-Andaman earthquake, as we discussed in section 2. The original
GRACE data and the data fit are shown in the supporting information Figure S1. The error bar (σ) for each
component was estimated from the difference between the GRACE data and the fit up to March of 2012
(before the earthquake). We found the errors as large as 85–113× 1020 Nm (Mw 8.6–8.7) for the
component of Mrr, Mrφ, and Mθθ�Mφφ, 27 × 1020 Nm (Mw 8.3) for Mrθ, and 17× 1020 Nm (Mw 8.2) for Mθφ. It
demonstrates that the GRACE data are suitable for analyzing strike-slip earthquakes as small as Mw 8.2 in
this region.

If the Earth were purely elastic, the time series of each moment change (such as Figure 3) would have been
those of a Heaviside step function with the episodic change at the earthquake occurrence time. Any
deviation from the step function would be the result of GRACE data noise, the effect of viscoelastic earth,
postseismic slip, and/or some other postseismic processes. From Duputel et al. [2012], combining Mw 8.6
main shock and Mw 8.2 aftershock, we obtain the coseismic moment; Mrr=�6× 1020 Nm,
Mrθ =�17×1020Nm, Mrφ=�21×1020Nm, Mθθ�Mφφ=�154×1020Nm, and Mθφ=�115×1020Nm. The
corresponding coseismic offset for each component is in good agreement with the estimates from the finite
fault model of the main shock from Yue et al. [2012], when scaled up by 1.2 to account for the aftershock
and approximated and decomposed into a point-source double couple, which are shown as thick black solid
lines in Figure 3. The other model from Wei et al. [2013] is not significantly different from these. The GRACE
data resolve the episodic gravity change associated with Mθθ�Mφφ to be=�154±85×1020Nm and the
one with Mθφ to be �105±17×1020Nm and indicate no significant changes in the other components given
the associated data noise. It is the Mθφ component that shows the largest gravity signal with the smallest
data noise with the signal-to-noise ratio greater than 5. The GRACE data in Mθφ imply also significant
postseismic changes with a magnitude of 60–70% of the coseismic perturbation only in 2–3 years.

4. Viscoelastic Relaxation Model

The observed large reduction of shear wave velocity at the lithosphere-asthenosphere boundary has been
hypothesized to be due to a partially molten asthenosphere consisting of horizontal melt-rich layers
embedded in a meltless mantle [Kawakatsu et al., 2009]. Consistent with this interpretation, we found
that viscoelastic relaxation within the low viscosity asthenosphere was a dominant process that
governed regional-scale deformation and postseismic gravity change observed persistently after the
2004 Sumatra-Andaman and the 2011 Tohoku-Oki earthquakes [Han et al., 2008, 2014]. Here we model
the gravity change with alternate viscoelastic relaxation models to understand the postseismic change
evident particularly in the time series of the Mθφ component after the 2012 Indian Ocean earthquakes.

As noted earlier, the moment release as a function of depth from the seismological solution for the 2012
earthquake sequence [e.g., Wei et al., 2013] indicates the highest moment release occurred at 40 km depth
at the point of the maximum predicted differential stress and highest rigidity, and the moment release tapers
to zero from 40 to 60 km. We used a spherically stratified viscoelastic Earth model that includes a global ocean
layer (3 km thick) on top of the elastic lithosphere (60 km thick), the asthenosphere (63–220 km), and an upper
(220–670 km) and lower (670–2891 km) mantle. An elastic lithosphere was approximated by making the
viscosity very large (1030 Pa s). The upper and lower mantle were modeled with a Maxwell rheology with the
viscosity of 1020 Pa s and 1021 Pa s, respectively.

For the asthenosphere, we tested five different rheological models (1) Maxwell viscosity of 5 × 1017 Pa s,
(2) 1018 Pa s, (3) 5 × 1018 Pa s, (4) 1019 Pa s, and finally (5) transient (Kelvin) viscosity of 1018 Pa s and
steady state (Maxwell) viscosity of 1019 Pa s with biviscous (Burgers body) rheology. As in our previous
analysis for the 2004 and 2011 events, we used the computer code VISCO1D for testing alternate
spherical viscoelastic models [Pollitz, 1997; Pollitz et al., 2006] to compute the displacement and gravity
changes at the surface.

The computed gravity changes from five different cases of the asthenospheric viscosity are shown in the solid
colored lines of Figure 3. The viscoelastic gravity changes in the monopole and dipole components are small
since the moment release in these components is 1 order of magnitude smaller than those in the quadruple
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components. While the observations of the quadruple component, Mθθ�Mφφ, are too noisy to distinguish
any difference among various models, the Mθφ observations are accurate enough to discriminate the
biviscous rheology from the various Maxwell cases and to infer a lower transient viscosity of 1018 Pa s and
larger steady state viscosity of 1019 Pa s. We also found that the depth of the asthenosphere generally
compensates with the magnitude of viscosity, for example, a 10 km shallower asthenosphere demands 10–
20% larger viscosity to fit the data.

5. Discussion and Conclusions

Both the GRACE data and the viscoelastic model based on it indicate a postseismic gravity change of ±3μGal
in 2 years, which is nearly 60% of the coseismic gravity change of ±5μGal with similar spatial patterns of the
gravity changes, as shown in free-air gravity maps of Figures 4a (coseismic) and 4d (postseismic), respectively.
The gravity change is a manifestation of vertical displacement of any density interface (e.g., seafloor and
Moho) and of interior deformation (compression and dilatation).

For coseismic (elastic) deformation, the seafloor in the compressional quadrant underwent subsidence,
which caused the negative gravity change. The seafloor vertical motion causes gravity change by
0.7 μGal per 1 cm of uplift that is the Bouguer correction, 2πG(ρc� ρw)h, where G is the gravitational
constant, ρc is the seafloor (upper crust) density, ρw is the ocean density, and h is the vertical
displacement of the seafloor. However, the effect of compression yielding the positive gravity change
was so large as to overcome the negative gravity change induced by surface depression, as shown in
the Bouguer gravity of Figure 4c, and, ultimately, resulted in the positive free-air gravity in the
compressional quadrant. The Bouguer gravity (indicating the amount of compression) is essentially
controlled by the bulk modulus at seismic source [Han et al., 2013]. Similarly, the gravity change in the
dilatational quadrant can be explained, namely, the gravity effect due to the interior dilatation (the negative

Figure 4. The (top) coseismic and (bottom) postseismic synthetic gravity changes of elastic deformation and viscoelastic
relaxation computed with the finite fault model and the biviscous viscoelastic relaxation model. The free-air, surface
vertical motion-induced, and Bouguer gravity changes were computed separately to highlight the distinct surface (change
in seafloor height) and interior (bulk density change) sources of deformation. The viscoelastic gravity computations are
snapshots at the beginning of year 2014.
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Bouguer gravity) was larger than the positive gravity caused by the coseismic seafloor uplift, thus yielding the
negative free-air gravity.

The deformation associated with postseismic viscoelastic relaxation is completely different from the
coseismic deformation although their free-air gravity patterns are similar. First, the postseismic seafloor
displacement is uplift in the compressional quadrant unlike the coseismic seafloor motion (Figure 4e).
Second, not only the seafloor but also other density interfaces such as the Moho are uplifted in the
compressional quadrant and subsided in the dilatational quadrant postseismically without significant
perturbation in density. It is the postseismic vertical motion, rather than density change, that results in the
positive and negative Bouguer gravity changes in the compressional and dilatational quadrants,
respectively (Figure 4f). The deformation is, in general, far more complex near the faults, as indicated by
the higher-resolution computation (up to ~55 km) shown in Figure S2. However, in the far field where
most of GPS stations are located (Simeulue island and Aceh; see Figure 1), the deformation is consistent
with GRACE observations at a spatial scale of 500 km.

We also examined the GPS vertical motion in association with the 2012 earthquakes. The four nearby stations
to the strike-slip faults were chosen where the largest coseismic motions were detected. Figure 5a shows the
time series of vertical motion at GPS stations of BSIM, BNON, and LEWK on the Simeulue island and UMLH on
the Aceh. The prolonged long-term trends are evident in the original vertical data over the 10 years
(2005–2014) that are likely primarily due to postseismic deformation from the 2004 Sumatra-Andaman
and 2005 Nias megathrust events and interseismic deformation as well as other moderate and large
earthquakes. We used the data from 2010.5 (after the major motion in LEWK) to 2012.275 (before the 2012
earthquakes) to determine the linear trend and seasonal components. We removed these signals from the
GPS data after 2012.275 to highlight the signals only related to the 2012 ruptures. In Figure 5b, all stations
show episodic (coseismic) subsidence and gradual (postseismic) uplift, when highlighted with respect to the
motion during 2010.5–2012.275. The overall trends of GPS vertical motions are consistent with the elastic
and biviscous relaxation models of the 2012 earthquakes with the viscosity constrained solely by GRACE
data, as shown in black solid lines indicating the high-resolution VISCO1D and STATIC1D model runs at each
GPS location. However, differences also exist due to coseismic and postseismic effects from numerous other
smaller events before and after the 2012 ruptures.
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Figure 5. (a) Daily GPS observations of vertical deformation at the GPS sites. UMLH locates at the Aceh region while BSIM, BNON, and LEWK are at the Simeulue
island. (b) The detrended GPS time series, the linear trend, and seasonal components were estimated using the data from year 2010.5 to 2012.275 (before the
great 2012 earthquakes) and removed from the data after 2012.275. Therefore, the detrended data highlight the vertical motion relative to the average motion
during the period from 2010.5 to 2012.275. The solid black line shows the synthetic vertical motion computed with the coseismic and viscoelastic models used in
Figure 4 compared to the GPS data.
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All GPS stations are located within the compressional quadrant, where GRACE observed positive gravity
change both coseismically and postseismically. The coseismic positive gravity from GRACE and the
coseismic subsidence from GPS are the result of spontaneous compression, and thus density increase in
the compressional quadrant. The postseismic positive gravity from GRACE and the postseismic uplift
from GPS are due to the gradual uplift associated with viscoelastic relaxation with little perturbation in
density. Afterslip on or near to the Indian Ocean earthquake fault planes is unlikely to be the dominant
postseismic process for this earthquake because the associated far-field deformation is expected to
mimic the coseismic deformation field. That is, in the compressional quadrant, afterslip would result in a
positive gravity change but a negative vertical motion, contrary to the GPS observations of postseismic
uplift (Figure 5b). In continental [e.g., Savage et al., 2007; Cattania et al., 2015] and megathrust [Lange
et al., 2014] settings, afterslip is thought to be highly correlated with aftershock rates. The few
aftershocks of the Mw 8.6 11 April 2012 earthquake in comparison with the aftershocks from other
megathrusts of the same magnitude [Shcherbakov et al., 2013] may also be indicative of lack of
substantial afterslip.

In addition to the recent great megathrust ruptures in 2004, 2010, and 2011, this earthquake is a rare example
fromwhich we can advance our understanding on the Earth’s response to these large episodic stress changes
under different environments by testing various hypotheses and physics of postseismic processes.
Deciphering the roles of viscoelastic relaxation, postseismic slip (“afterslip”), and poroelastic relaxation
(not discussed here) are crucial in order to infer the redistribution of stress at or near the subduction
boundary and to understand the interseismic stress loading cycle, and thus to assess seismic hazards
[Hetland and Hager, 2006]. Continuous GRACE observations of these postseismic deformation processes
provide fundamental quantification of the large-scale rheological behavior of the solid Earth.
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