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Abstract A section of the Sunda megathrust underneath Simeulue is known to persistently halt
rupture propagation of great earthquakes, including those in 2004 (Mw 9.2) and 2005 (Mw 8.6). Yet the
same section generated large earthquakes in 2002 (Mw 7.3) and 2008 (Mw 7.4). To date, few studies have
investigated the 2002 and 2008 events, and none have satisfactorily located or explained them. Using
near-field InSAR, GPS, and coral geodetic data, we find that the slip distributions of the two events are
not identical but do show a close resemblance and largely overlap. We thus consider these earthquakes
“siblings” that were generated by an anomalous “parent” feature of the megathrust. We suggest that
this parent feature is a locked asperity surrounded by the otherwise partially creeping Simeulue section,
perhaps structurally controlled by a broad morphological high on the megathrust.

1. Introduction

The great 2004 Mw 9.2 Sumatra-Andaman earthquake was generated by rupture of a continuous 1600 km
long span of the Sunda megathrust, which terminated to the south under Simeulue [Meltzner et al., 2006].
Three months later, the megathrust ruptured another 300 km further south, generating the great 2005 Mw

8.6 Nias-Simeulue earthquake; the northern end of this rupture also terminated under Simeulue [Briggs et al.,
2006] (Figure 1). The 2004 and 2005 events uplifted the northwestern and southeastern ends of Simeulue
Island, respectively, with a pattern of uplift in the shape of a saddle [Briggs et al., 2006]. In addition to halting
the recent 2004 and 2005 ruptures, the section of the Sunda megathrust under Simeulue, here referred to as
the Simeulue section, has arrested several other great megathrust ruptures over the past 1100 years [Meltzner
et al., 2012]. Thus, the Simeulue section likely acts as a persistent barrier to great earthquake ruptures [Meltzner
et al., 2012].

Even though the Simeulue section appears to halt the propagation of great ruptures, it does not prevent the
generation of small to large earthquakes [Tilmann et al., 2010; Feng et al., 2015]. Among those, the two largest
historical events have been the 2002 Mw 7.3 and 2008 Mw 7.4 Simeulue earthquakes. Notably, these two events
ruptured in between or through the terminations of the great 2004 and 2005 events (Figure 1), prompting
questions of why each rupture stopped where it did.

To answer these questions, we need to precisely determine the location of slip for each of the four events.
However, compared to the plethora of studies of the great 2004 and 2005 events [e.g., Chlieh et al., 2007;
Briggs et al., 2006; Konca et al., 2007], few studies have been published on these smaller but still large events.
DeShon et al. [2005] investigated the 2002 event using only far-field seismic data, and no published studies
have focused on the 2008 event. Therefore, the exact locations and slip distributions of these ruptures have
remained poorly known.

In this paper, we use all available near-field geodetic data including interferometric synthetic aperture radar
(InSAR), GPS, and coral uplift data to develop new slip models for the 2002 and 2008 events. We find that
the two events are not identical “twins” or repeating earthquakes, but they largely overlap, resembling
“siblings.” The overlapping region coincides with an isolated, locked asperity in the center of an otherwise par-
tially creeping Simeulue section [Tsang et al., 2015]. We infer that this asperity may be structurally controlled,
likely by a subducting morphological high.
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Figure 1. Recent Mw ≥ 7 earthquakes at the Simeulue section of the Sunda megathrust, offshore northern Sumatra.
Stars represent epicenters from the U.S. Geological Survey (USGS) National Earthquake Information Center (NEIC)
preliminary determination of epicenters (PDE) (http://earthquake.usgs.gov/data/pde.php). The 2002 Mw 7.3 epicenter
is green, the 2008 Mw 7.4 epicenter is purple, and all others are grey. Lines connect each epicenter with the location of
the corresponding focal mechanism from the global centroid moment tensor (gCMT) catalog [Ekström and Nettles, 1997;
Ekström et al., 2012]. The 2002 and 2008 focal mechanisms overlap, so we plot the locations as colored circles on the
map and the focal mechanisms in the legend for clarity. Closed contours indicate areas of coseismic slip (≥1 m) for the
2004 Mw 9.2 Sumatra-Andaman [Chlieh et al., 2007] and the 2005 Mw 8.6 Nias-Simeulue [Konca et al., 2007] earthquakes.
The abrupt southeastern termination of the 2004 rupture patch is likely a model artifact. The 2002 and 2008 Simeulue
events occurred under central Simeulue where the 2004 and 2005 events abutted one another. Bathymetry is from
Ladage et al. [2006].

In the following sections, we first describe the data, methods, and results for the more recent 2008 earthquake,
because the relative wealth of geodetic data available for this event permits us to use more standard methods.
We then go on to discuss the 2002 event and how the two compare.

2. The 2008 Mw 7.4 Simeulue Earthquake
2.1. Data and Methods
To investigate the 2008 Mw 7.4 earthquake, we used ALOS-1 PALSAR images and continuous GPS data from
two Sumatran GPS Array (SuGAr) stations on Simeulue Island. We processed and unwrapped the InSAR data
using Generic Mapping Tools Synthetic Aperture Radar (GMTSAR) [Sandwell et al., 2011] and constructed an
interferogram that spans from 4 days before to 134 days after the event (16 February 2008 to 3 July 2008)
(Figure 2a). The interferogram contains the relative line-of-sight (LOS) deformation due to both coseismic
and a few months of postseismic processes. Because the deformation affected the entire island, to correct
the relative LOS deformation to absolute LOS deformation, we used cumulative GPS displacements during
that same time period [Feng et al., 2015] (Text S1 in the supporting information). If the two GPS stations are
representative of all of Simeulue, the ratios between these cumulative GPS displacements and the coseismic
GPS displacements suggest that 30–40% of the signal recorded by the interferogram may be from postseismic

MORGAN ET AL. SIMEULUE SIBLING EARTHQUAKES 2160

http://earthquake.usgs.gov/data/pde.php


Geophysical Research Letters 10.1002/2016GL071901

Figure 2. Data and model results for the 2008 Mw 7.4 Simeulue earthquake. (a) GPS and InSAR data used in the joint
inversion. Both the GPS and InSAR data record displacements from 4 days before to 134 days after the event. For the
ALOS-1 interferogram, each fringe represents 118 mm of line-of-sight (LOS) displacement with a peak LOS displacement
of 624 mm. The LOS horizontal vector is shown and is 39∘ from vertical. (b) Our preferred slip inversion model for the
2008 Simeulue event. Purple line outlines the 0.5 m slip contour. Residuals are plotted in Figure S6.

processes. Then we downsampled the interferogram to 371 evenly distributed points over the island to reduce
the computational burden of our inversion (Text S1).

We jointly inverted the one-dimensional InSAR observations and three-dimensional GPS observations for slip.
We calculated the Green’s functions using the Okada dislocation model [Okada, 1992], constrained the rake
to 90 ± 30∘, and applied Laplacian spatial smoothing. While we tested various fault geometries (Figure S1),
we chose to use a geometry based on Slab 1.0 [Hayes et al., 2012]. Because the InSAR uncertainties are poorly
known, we instead focused on testing different relative weightings between InSAR and GPS (Figure S2). For
each relative weighting scenario, we chose a preferred slip model using a trade-off curve between data misfit
and model roughness (Figure S3). Further details on the methods are given in the supporting information
(Figures S4–S6).
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Figure 3. Data and model results for the 2002 Mw 7.3 Simeulue earthquake. (a) Coral-based observations (large circles)
and model estimates (diamonds) of uplift, with the data also plotted as vectors. For clarity, uncertainties are not plotted,
but they are between 80 and 100 mm (2𝜎). (b) Our preferred slip inversion model for the 2002 Simeulue event. Green
line outlines the 0.5 m slip contour. Black dashed line encloses the area that we allow to slip in the inversion.

2.2. Results
Figure 2b shows our preferred slip model for the 2008 Mw 7.4 earthquake. The slip is concentrated roughly
in a circle with a diameter of ∼60 km. The maximum slip of ∼2.2 m is poorly constrained; it decreases with
increasing smoothing and varies based on the depth of the slab geometry. However, tests with various slab
geometries (Figure S1), weightings (Figure S2), and smoothing (Figure S3) show that the concentric circular
fringes of the LOS deformation robustly constrain the location of slip to below central Simeulue.

3. The 2002 Mw 7.3 Simeulue Earthquake
3.1. Data and Methods
In contrast to the wealth of data available for the 2008 event, no nearby instruments recorded the deforma-
tion from the 2002 Mw 7.3 event. The only geodetic data available are the vertical land motions recorded by
the growth patterns of coral microatolls [Meltzner et al., 2010, 2012, 2015]. Thus, we compiled a complete list of
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the vertical deformation at 13 coral sites, which records the coseismic and 14 month postseismic period of the
2002 event (Figure 3a and Data Set S1). Because the coral measurements have comparatively large uncertain-
ties, an inversion without any external constraints produced unrealistic scattered slip. Therefore, we first ran
a suite of forward models to scan the megathrust and identify the bounding area (dashed lines in Figure 3b)
where single patches with uniform slip could best reproduce the coral displacements (Figure S7). Within this
area we then inverted for slip using a fixed rake of 79∘ from the W-phase moment tensor solution [Duputel
et al., 2012]. All models used the same Okada Green’s functions and fault geometry as those used for the 2008
event. Further details on the methods are given in the supporting information (Figures S7–S9).

3.2. Results
Our preferred slip model places the slip essentially right between the slip terminations of the later 2004 and
2005 great events and directly under central Simeulue (Figure 3b). Although the position, shape, and magni-
tude (Text S2) of the slip patch cannot be pinpointed exactly, our forward models (Figure S7) and resolution
test (Figure S9) suggest that the general location is robust. Our slip patch is updip of the one produced by
DeShon et al. [2005], which used only far-field teleseismic waveforms. Their model overpredicts the vertical
displacements at our coral sites and fails to reproduce the deformation pattern (Figure S10). The peak slip
from our 2002 event model is east of that from our 2008 event model, which should be expected based on
a comparison of the 2002 coral data with downscaled predictions from our 2008 model as demonstrated in
Figure S11. Our results further show that coral records, even with limited precision and limited spatial and
temporal resolution, can provide invaluable information about the slip of past events.

4. Discussion

We find that the 2002 and 2008 earthquakes were generated from slip in roughly the same area. While slightly
offset, the slip distributions for those events largely overlap (Figure 4a). The similarity in location and size of
these two ruptures, along with the short time span between them, is why we consider them to be sibling
earthquakes, likely generated by the same parent feature of the megathrust. In the following paragraphs, we
place these two ruptures in context with other known properties of the Simeulue section of the megathrust.

We first compare our slip locations with a map of coupling ratio estimated from interseismic coral subsidence
rates from 1945 to 2004 [Tsang et al., 2015] (Figure 4b). Broadly, the Simeulue section has a lower coupling ratio
than neighboring sections, with the exception that an isolated small locked patch lies under central Simeulue.
This locked patch coincides with and likely generated both the 2002 and 2008 ruptures. The high coupling
ratio and repeated ruptures could be manifestations of a seismic asperity.

Next we compare our slip distributions with relatively well-located seismicity. The seismicity was recorded by
a temporary seismic array deployed from late 2005 to early 2006 both on land and on the ocean floor [Tilmann
et al., 2010]. Most of the events were concentrated within a narrow band on the slab interface (Figure 4b).
The narrow seismic band roughly coincides with the updip edges of the 2002 and 2008 ruptures (this study)
and the updip edge of the areas with high coupling ratios [Tsang et al., 2015]. These correlations support the
inference that the seismic band represents the transition zone between a shallow stable sliding zone and a
deeper locked seismogenic zone [Tilmann et al., 2010]. The seismic band is continuous along strike except for
one 20 km wide notch where the band shifts 25 km landward (Figure 4b). The landward shift in the seismic
band lies at the southeastern terminations of the 2002 and 2008 ruptures.

We then explore structural features of the subducting plate that may relate to the 2002 and 2008 ruptures.
In their vicinity, a broad morphological high of the slab was imaged by both 3-D tomography [Tang et al., 2013]
and seismic reflection [Franke et al., 2008]. This morphological high could be a broad ridge with ∼3 km of
relief and a width of 90 km along the strike of the trench (orange lines in Figures 4d and 4e) [Tang et al., 2013].
Alternatively, the morphological high could be an asymmetric 60 km wide elevated zone with a ∼1 km ramp
on its western flank and a ∼3 km ramp or tear on its eastern flank (green line in Figure 4e) [Franke et al.,
2008]. The broad ridge or elevated zone may result from a zone of anomalously thick oceanic crust (orange
dashed line in Figure 4b) [Tang et al., 2013] or the subducting fracture zone at this location [Franke et al., 2008].
Although the dimensions and origin of the morphological high might be debated, its NNE-SSW trend and the
location of its eastern edge are consistent in all the observations (Figure 4e). The location of the morpholog-
ical high (broadly defined as between the green dashed lines in Figures 4b–4f ) bounds the 2002 and 2008
ruptures and the locked patch under central Simeulue (Figures 4b and 4c).
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Figure 4. (a) The slip distributions for the 2002 and 2008 ruptures largely overlap. For 2002, green lines outline the 0.5, 0.7, 0.9, 1.1, and 1.3 m slip contours; for
2008, the purple line outlines the 0.5 m slip contour, and slip >0.5 m is indicated by the color bar. Cyan lines show the 1 m slip contour of the 2004 and 2005
ruptures. Focal mechanisms are taken from the gCMT catalog, and origins are from the USGS NEIC PDE. (b) The 2002 (green) and 2008 (purple) slip distributions
placed in context with other properties of the Simeulue section. Colored patches show the estimated interseismic coupling ratio from Tsang et al. [2015]. Dark
green dashed lines represent the edges of the segment boundary or elevated zone as proposed by Franke et al. [2008]. Orange dashed line indicates the extent
of the subducting thick crustal zone proposed by Tang et al. [2013], who noted that the downdip limit of this thick crustal zone may not be well defined. Black
dark line represents the apex of the subducting ridge on the subducting plate [Tang et al., 2013]. Black circles indicate seismicity located by Tilmann et al. [2010].
(c) Variations of slip behavior along profile x –x∗, which runs through Simeulue. The coupling profile (red), the 2004 slip profile (cyan), and the 2005 slip profile
(cyan) are extracted from Tsang et al. [2015], Chlieh et al. [2007], and Konca et al. [2007], respectively. The 2002 and 2008 slip profiles are extracted from our
preferred models. Note that the vertical scale for slip in 2004 and 2005 is different from that for slip in 2002 and 2008. Black dashed rectangle represents the
location of Simeulue. (d) Orange line represents the top of the oceanic crust as defined by Tang et al. [2013] along profile y –y∗. Circles show the seismicity of
Tilmann et al. [2010] within 5 km of profile y –y∗. The gap in seismicity marks the landward shift in the seismicity band. Note the depths of the top of the oceanic
crust and the seismicity are all poorly constrained. (e) Orange line represents the top of the oceanic crust as defined by Tang et al. [2013] along profile z –z∗.
The background is a vertically exaggerated seismic reflection profile BGR06-208a from Franke et al. [2008] with strong reflectors traced as a dark green line.
(f ) A vertically exaggerated schematic oblique perspective view showing the same features as those in Figure 4b. The upper depiction of Simeulue, with solid
outline and fill, represents the island’s location at the surface; the lower dashed outline of Simeulue, with no fill, represents the projection of Simeulue onto
the megathrust interface.
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Our results confirm that the 2002 and 2008 ruptures slipped in between the terminations of the great 2004
and 2005 ruptures. This location has been proposed to act as a persistent rupture barrier [Meltzner et al., 2012].
To explain the barrier, several mechanisms have been suggested including (1) locally increased fluid pressure,
possibly also causing the landward shift in the seismic band [Tilmann et al., 2010]; (2) compositional and topo-
graphic changes associated with the subducting thick oceanic crustal zone [Tang et al., 2013]; and (3) the tear
on the eastern edge of the elevated zone in the subducting plate [Franke et al., 2008]. Although proposed to
explain the great-earthquake barrier, these mechanisms may also answer why the 2002 and 2008 ruptures
stopped where they did.

We infer that the rupture terminations and the seismic asperity under Simeulue may be structurally controlled,
likely by the subducting morphological high of the slab. First, the eastern edge of the morphological high
seems to correlate with a poorly coupled zone under eastern-central Simeulue, which roughly matches the
landward shift in seismicity, and aligns with the eastern edge of the 2002 and 2008 ruptures (Figures 4b and
4c). Second, the flat top of the morphological high is colocated with the 2002 and 2008 ruptures and the
locked patch under central Simeulue (Figure 4c). Also, the down-dip projection of the morphological high may
align with two other large earthquakes that occurred in June 1976 (Mw 7.0) and May 2010 (Mw 7.2) (Figure 4b).
Third, although the western edge of the morphological high is less well defined, the western ramp proposed
by Franke et al. [2008] may correspond to a poorly coupled zone under western Simeulue and to the western
edge of the 2008 rupture (Figures 4b and 4c).

A section analogous to the Simeulue section can be found further south along the Sunda megathrust under
the Batu Islands. The Batu section is estimated to be less coupled than the neighboring sections [Chlieh et al.,
2008] and to act as a barrier to great ruptures [Philibosian et al., 2014], yet has also generated large M>7
earthquakes [Rivera et al., 2002; Natawidjaja et al., 2004]. This section hosts high-relief subducting structures,
including the Investigator Fracture Zone [Lange et al., 2010] and the Wharton fossil ridge [Henstock et al., 2016].
The Investigator Fracture Zone has been suggested to control the fault coupling ratio of the section [Chlieh
et al., 2008], and the subducting plate morphology may relate to the asperities that ruptured in the multiple
large events.

Fault morphology has only recently been recognized to play an important role in controlling megathrust rup-
tures [Hubbard et al., 2016]. For example, the recent 2015 Mw 7.8 Gorkha rupture has been suggested to be
controlled by ramps on the Main Himalayan Thrust [Hubbard et al., 2016; Qiu et al., 2016]. More specifically,
earthquake cycle models show that ruptures can be terminated at local changes in gradient of a megathrust,
although not consistently [Qiu et al., 2016].

5. Conclusions

Using near-field InSAR, GPS, and coral geodetic data, we show that the slip distributions of the 2002 Mw

7.3 and the 2008 Mw 7.4 Simeulue earthquakes resemble each other and largely overlap. The closeness in
location, size, and timing of these events suggests that they may be siblings generated by the same anoma-
lous parent feature of the megathrust. The sibling ruptures coincide with a locked patch within the otherwise
partially creeping Simeulue section. This coincidence could be a manifestation of a seismic asperity. The seis-
mic asperity may be bounded within a broad morphologic high on the subduction interface. We infer that
the morphological high acts as a structural control of the seismic asperity and the sibling ruptures. We also
suggest that the morphological high causes the Simeulue section to act as a persistent barrier to megathrust
ruptures of all sizes.
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