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Stress and Seismicity Changes on the Sunda Megathrust

Preceding the 2007 Mw 8.4 Earthquake

by Kelly Wiseman and Roland Bürgmann

Abstract The Bengkulu Mw 8.4 earthquake on 12 September 2007, close in time
and space to the 2004 Mw 9.2 Sumatra–Andaman and 2005 Mw 8.7 Nias megathrust
events, suggests that it could be a triggered earthquake. It was located in the southern
portion of the historic 1833 Mw 8.9 rupture. However, it appears perplexing that the
portion of the Sunda subduction zone between the Nias and Bengkulu rupture patches,
which last ruptured in a 1797Mw 8.7 event, did not recur first. Coulomb failure stress
(CFF) modeling of the 2004 and 2005 megathrust earthquakes and subsequent post-
seismic relaxation processes fails to explain why the 2007 patch ruptured before the
northern 1797 segment. Surprisingly, the much smaller 2000 Mw 8.0 Enggano earth-
quake produced a much larger positive CFF change at the 2007 hypocenter and may
help to explain the southern location of the 2007 earthquake. Investigation of changes
in seismicity rates in the region following the 2004–2005 events shows that the mega-
thrust earthquakes may have dynamically triggered slip near the northern end of the
2007 rupture zone. A large increase in seismicity levels following the 2000 earthquake
may also have influenced the eventual initiation point of the 2007 earthquake.
Regrettably, the section of the Sunda megathrust near Siberut that last ruptured in
1797 still poses a great seismic hazard to the region as the only segment not to have
ruptured in the sequence of twenty-first century megathrust earthquakes.

Online Material: Stress change models and seismicity rate change maps.

Introduction

The 2004Mw 9.2 Sumatra–Andaman earthquakewas the
largest in 40 yr and extended for 1300–1500 km (e.g., Shearer
and Bürgmann, 2010). It apparently triggered a second great
megathrust event, the 28 March 2005 Mw 8.7 Nias earth-
quake, which initiated just ∼200 km south of the 2004 epi-
center (McCloskey et al., 2005; Nalbant et al., 2005; Pollitz,
Banerjee, et al., 2006). Earthquake triggering is the process by
which static and/or dynamic stress changes associated with an
earthquake can induce or retard seismic activity in the
surrounding region or trigger other earthquakes at great dis-
tances (Freed, 2005 and references therein). The 12 Septem-
ber 2007 Bengkulu Mw 8.4 earthquake initiated ∼750 km
south of the 2005 epicenter, and was followed 12 hr later
by a deeperMw 7.9 aftershock (Figs. 1, 2a). Their occurrence,
close in time and space to the 2004 Sumatra–Andaman
earthquake, the 2005 Nias earthquake, and the 2000 Mw 8.0
Enggano earthquake, suggest the possibility of these being
triggered events.

The 2007 earthquakes ruptured a portion of the 700-km-
long Mentawai patch, a section of the Sunda megathrust that
has been observed to fail in sequences of earthquakes about
every two centuries for the past 700 yr (Sieh et al., 2008).

The last earthquake supercycle ended in a pair of M8!
events in 1797 and 1833. The 1797 earthquake ruptured
directly south of the 2005 Nias rupture patch, which appar-
ently also slipped in 1861, while the 1833 segment is farther
south and overlaps with the 2007 events (Fig. 1). The study
of coral growth histories offshore Sumatra by Natawidjaja
et al. (2006) indicates that interseismic strain accumulated
along the 1833 segment has approached levels relieved in
the historic earthquake. In addition, the accumulated
interseismic strain appears to have exceeded previously
relieved levels along the 1797 segment (Chlieh et al.,
2008). Although there are moment magnitude uncertainties
ranging from 0.2 to 0.3 for the historic 1797 and 1833 source
models, historic reports and coral microatoll data indicate
that the 1833 rupture was larger, along with being the more
recent event, and should therefore rerupture after the 1797
segment.

Previous investigations of coseismic and viscoelastic
deformation following the 2004–2005 sequence show that
the 1797 segment experienced higher Coulomb failure stress
increases (CFF) than the more distant 1833 segment (Nalbant
et al., 2005; Pollitz, Banerjee, et al., 2006). Therefore,
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assuming that the stress distribution at the time of these
events was relatively uniform, it is unclear why the 1797
and northern portion of the 1833 rupture zone did not break
before the southern 1833 segment. We model stress changes
from coseismic and postseismic processes, including viscoe-
lastic relaxation, afterslip, and poroelastic rebound, in an at-
tempt to find scenarios that can explain why the southern
1833 segment was triggered prior to the 1797 segment. In
addition, we investigate the seismicity changes in the years
leading up to the 2007 earthquake for alternative triggering
evidence.

Stress Modeling Method and Data

Coseismic and Postseismic Deformation Calculations

We model the coseismic and postseismic deformation
from the 2000, 2004, and 2005 earthquakes, constrained
by geodetic and seismological observations (Abercrombie
et al., 2003; Pollitz, Bürgmann, and Banerjee, 2006, Hsu
et al., 2006; Banerjee et al., 2007; Konca et al., 2007; Pollitz
et al., 2008), in order to quantify the associated stress
changes in the hypocentral region of the 2007 earthquake.
The elastic coseismic deformation is calculated in a layered

Figure 1. Tectonic overview of the Sunda subduction zone. Rupture patches and estimated magnitudes from recent great earthquakes are
from Abercrombie et al. (2003), Banerjee et al. (2007), and Konca et al. (2007) and historic earthquakes are from Briggs et al. (2006) and
Natawidjaja et al. (2006). High-slip patches from the 2007 Mw 8.4 and Mw 7.9 events are from Konca et al. (2008).
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spherical geometry using the direct Greens function method
of Pollitz (1996). We also use this method to model the
cumulative elastic deformation from the aseismic afterslip
observed after the 2004–2005 earthquake sequence (Hsu
et al., 2006; Banerjee et al., 2007; Chlieh et al., 2007). The
elastic structure of the Earth is based on the seismically
determined global Earth model PREM (Dziewonski and
Anderson, 1981).

Deep-seated transient postseismic relaxation can produce
time-dependent deformation and stress changes, exceeding
those from the earthquake itself in the intermediate-to-far-
field range. The 2004–2005 earthquake sequence produced
large stress increases downdip from the coseismic rupture
zone, which are expected to drive viscoelastic relaxation of
the low-viscosity asthenosphere. A number of studies have
examined the viscoelastic relaxation resulting from the
2004 earthquake for the year following the event (e.g. Pollitz,
Banerjee, et al., 2006; Pollitz, Bürgmann, andBanerjee, 2006;
Pollitz et al., 2008), but we extend ourmodel to the time of the
2007 earthquake. Postseismic deformation resulting from the
viscoelastic relaxation is calculated on a layered, laterally
homogeneous, spherical earth using the method of Pollitz
(1992). This method sums viscoelastic normal modes from
earthquake excitation. We employ the oceanic rheology
model of Pollitz, Bürgmann, and Banerjee (2006) that fits
the initial horizontal postseismic velocity, and the GPS time-
series, between the 2004 and 2005 events. This model
includes a bi-viscous asthenosphere with an initial short-
term viscosity of 5 × 1017 Pa s and a long-term viscosity of
1 × 1019 Pa s. We extend the elastic lid to 80 km depth in
accordance with the potentially deep, isolated 2007 Mw 8.4
rupture patch (Konca et al., 2008).

The strain field resulting from a coseismic dislocation
produces changes in pore-fluid-pressure in the brittle upper
crust. The subsequent decay of the excess pore-fluid-
pressure gradients will lead to fluid flow and poroelastic
deformation. Masterlark et al. (2001) and Masterlark (2003)
have previously modeled the effects of poroelastic rebound
in a subduction setting and demonstrated that poroelastic
effects are generally only significant in the near field directly
surrounding the rupture area. We approximate the fully
relaxed poroelastic response by subtracting the undrained
solution for coseismic deformation from the drained solution
for coseismic deformation. Based on the Fialko (2004) study
of poroelastic rebound following the 1992 Landers strike-
slip earthquake and the Masterlark (2003) study of the 1995
Jalisco–Colima subduction zone earthquake, the crust is
assumed to be fluid-saturated down to ∼15 km depth. Ogawa
and Heki (2007) propose that the downgoing slab releases
fluids into the mantle wedge in sufficiently high quantities,
with sufficiently large pore pressure diffusivities, to contrib-
ute to the poroelastic rebound during the early postseismic
period. We therefore test a range of earth models, with un-
drained Poisson’s ratio values 0.05 above the drained value
for the top 15 km, 30 km, and 60 km of the lithosphere.

Input Source Models

For our coseismic and postseismic deformation calcula-
tions, we use previously derived slip distributions based on
geodetic and seismological data. For the 2004 Sumatra–
Andaman earthquake, we use the GPS-based slip model
by Banerjee et al. (2007). The coseismic slip model includes
15 rupture patches from 0 to 50 km depth with a maximum of
∼19 m of slip. In a few places where sufficient near-field
measurements were made following the 2004 earthquake,
rapidly decaying deep afterslip can be resolved (e.g., Bane-
rjee et al., 2007; Paul et al., 2007). We consider a simple
afterslip model that includes 1 m of slip over the 30- to
50-km depth coseismic rupture patches and over a 50- to
60-km depth extension downdip of the coseismic rupture
patches.

For the Nias earthquake, we adapt the slip model from
Konca et al. (2007), which is based on continuous GPS
(cGPS), seismic, and coral data. We discretize their slip
model into 35 segments, ranging from 4 to 59 km depth.
The maximum slip is ∼15 m at 27 km depth. In addition,
Hsu et al. (2006) and Prawirodirdjo et al. (2010) observed
significant afterslip updip and downdip from the main Nias
rupture. For our modeling purposes, we logarithmically
extend the 9-month afterslip distribution from Hsu et al.
(2006) to the time of the 2007 earthquake.

Alongwith the 2004–2005megathrust sequence, we also
consider the smaller 2000EngganoMw 8.0 earthquake, which
ruptured to the south of the 2007 epicenter. This earthquake is
not as well constrained as the later sequence, but is reported to
be primarily a left-lateral strike-slip event in the downgoing
Australian plate (Zhou et al., 2002; Abercrombie et al., 2003).
Zhou et al. (2002) uses teleseismic body waves to estimate a
95-km-long, 60-km-wide rupture area with an average slip of
11m.Abercrombie et al. (2003) find that the rupturewas com-
prised of two subevents. The predominant strike-slip compo-
nent released ∼65% of the moment and triggered a thrust
subevent on the plate-interface (Fig. 2a).Most of the Enggano
aftershocks are located to the southeast of the mainshock and
are consistent with the rupture area of the thrust subevent
(Fig. 2b). The aftershock catalog shows a diversity ofmechan-
isms, also consistent with a two-subevent model. Therefore,
we use the Abercrombie et al. (2003) solution as our preferred
slip model. For the rupture area, we took the average values of
the along-strike length ranges given for the two subevents,
75 km and 175 km, respectively. Since there were no after-
shocks in the top ∼15 km of the crust, we assume that the
downdip extent of the rupture was from the 57-km-deep
hypocenter up to 15 km depth. Given a moment of 1:23×
1021 Nm, the strike-slip subevent had an average of 4 m of
slip, and the thrust subevent had 1 m of slip.

Coulomb Failure Stress-Change Calculations

The deformation calculations are used as input to model
the CFF changes along the Sundamegathrust. Previous studies
have shown that CFF increases of 100–300 kPa are generally
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capable of triggering seismicity, and it has been suggested
that even tens of kPa are sufficient to advance (or retard)
the occurrence of large earthquakes (e.g., Rydelek and Sacks,
1999; Lin and Stein, 2004). Toda et al. (2005) suggested that
CFF calculations, in combination with knowledge of the
background seismicity rate, could even be used as an earth-
quake forecasting tool. Due to a lack of knowledge of the total
stress field on the Sunda megathrust, and the nonlinear nature
of the earthquake triggering process, the use of CFF calcula-
tions in forecasting has its limits. However, retrospectively
analyzing earthquakes using the CFFmethod helps to sharpen
our limited forecasting skills by better understanding the
levels of stress necessary to initiate an earthquake.

We use a CFF function given byΔCFF " Δτ ! μ0Δσn,
which defines ΔCFF as a sum of the change in shear stress
τ and the change in normal stress (clamping is negative) σn

multiplied by an effective coefficient of friction. We assume
low frictional fault strength and use an effective coefficient of
friction, μ0 " 0:1. This is comparable to friction estimates in
the studies by Wang et al. (1995) and Wang and He (1999),

which found the Cascadia subduction zone to be very weak
and to basal detachment frictional strengths inferred from
accretionary wedge tapers (Suppe, 2007).

Megathrust Geometry

The previously mentioned coseismic slip distributions
all use different geometric parameters for their rupture
planes. The CFF changes are resolved onto the Sunda mega-
thrust, and variation in the dip, rake, and strike of the source
ruptures and receiver geometry can affect the results. Figure 3
shows the receiver fault geometry on which we calculate
stress changes. The megathrust geometry follows the strike
of the Sunda trench (Curray, 2005). We choose a downward
steepening geometry that represents a compromise between
the published megathrust geometries of Subarya et al. (2006)
and Chlieh et al. (2008). These two studies fit a curved mega-
thrust surface based on hypocenter locations and the dip
angle indicated by interplate earthquake focal mechanisms.
Published source and megathrust fault geometries vary by as
much as 25°. The stress calculations are most sensitive to
geometrical differences near the downdip and updip ends
of the high-slip zones. For example, when comparing CFF
changes from the 2004 earthquake resolved on both planar
and curved plate geometries, the stress-change magnitudes
vary by up to a factor of 3 on the subduction thrust below
the Sumatran forearc islands due to their proximity to the
downdip edge of the 2004 rupture patch (Table 1). However,
such variations in geometry insubstantially impact the calcu-
lated stress-change values on the deeper portions of the
megathrust, at depths greater than the source model (for CFF
change maps using variable fault geometry,Ⓔ see Fig. S1 in
the electronic supplement to this paper).

Our preferred slip-vector rakes on the receiver fault are
based on fault plane parameters for earthquake mechanisms
obtained from the Global Centroid Moment Tensor Project
(see the Data and Resources section). We filtered the catalog
for plate-interface events by restricting the catalog to fault
planes with a strike in the range of 280° to 360°, dip in
the range of 0° to 35°, and rake in the range of 80° to 130°.
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Figure 2. (a) Location of Indonesian islands mentioned in the
text and focal mechanisms for the recent great earthquakes (Global
CMT catalog). The two-subevent focal mechanisms for the
2000 earthquake are also included (Abercrombie et al., 2003).
The slip-vector orientations used in the CFF models are shown with
arrows. (b) Earthquake epicenters, sized by magnitude and shaded
by time period, for events along the Sunda subduction zone (see text
for earthquake catalog description).

0

25

50

75

D
ep

th
 (

km
)

0 50 100 150 200 250 300

Distance (km)

Subarya et al. (2006)
This study

Chlieh et al. (2008)
2004 rupture
2005 rupture
2007 rupture

Figure 3. Sunda plate-interface geometry comparison. The
solid line shows our preferred megathrust geometry, intermediate
to the geometries used in Subarya et al. (2006) and Chlieh et al.
(2008). The geometry of the southernmost 2004 rupture segment
(Banerjee et al., 2007), the 2005 rupture (Konca et al., 2007),
and the preferred dip of the two 2007 ruptures (Konca et al., 2008)
are also plotted.
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This restricted the catalog to 377 events, which we then
separated into 1° latitude bins and used their average rake.
The rake varies between 95° and 108° (Fig. 2a).

Stress Modeling Results

Interseismic Loading Rate

In order to ascertain the relevance of the coseismic and
postseismic stresses induced by the megathrust earthquakes,
it is important to first calculate the interseismic loading rate.
The interseismic loading rate is dependent on the plate con-
vergence rate and the locking depth, which Chlieh et al.
(2008) has shown to be considerably heterogeneous along
the Sunda megathrust. They use a backslip approach to
determine the heterogeneous coupling model that best fits
their compilation of paleogeodetic and geodetic data. The
coupling on the Sunda megathrust between the Pagai Islands
and Enggano is not well constrained, as there are large dif-
ferences between the forward and inverse models of Chlieh
et al. at these latitudes. Their preferred forward model has the
megathrust locked between the trench and approximately
40 km depth at the latitude of the 2007 hypocenter, and pro-
vides an upper bound on the level of locking for this portion
of the megathrust. We determine the static stress drop due to
the accumulated moment deficit on a rectangular dip-slip
fault (Aki, 1966) in order to get an average interseismic load-
ing rate. This interseismic loading rate, of 26 kPa=yr, is an
average value for the portion of the plate-interface from the
trench to the 40-km locking depth.

We compared this average tectonic loading rate based on
the backslip approach with loading due to a buried fault
downdip of the 2007 rupture. The buried plate-interface fault
starts at the 40-km locking depth and extends to a depth of
600 km. We use a two-segment planar fault model, with the
upper segment extending from 40 km to 110 km at a 30° dip
and the lower plane extending from 110 km to 600 km at a
40° dip (for representation of interseismic planar fault model,
Ⓔ see Fig. S2a in the electronic supplement to this paper).
We impose 4:5 cm=yr of pure reverse slip on the buried
faults, based on the long-term convergence rate between the
forearc sliver and the Australian plate (Chlieh et al., 2008).
This method leads to a heterogeneous loading of the mega-
thrust, with maximum stresses concentrated at the boundary
between the locked and sliding portion of the plate-interface
(for cross sections of interseismic changes,Ⓔ see Fig. S2b,c,

d in the electronic supplement to this paper). Based on the
buried fault approach, the interseismic loading rate at the
hypocentral depth of the 2007 earthquake is 5 kPa=yr.

Stress Change from the 2004 Sumatra–Andaman
Earthquake

The broad patterns of the modeled CFF change are large
stress decreases (i.e., stress drop) over the ruptured region,
large stress increases both updip and downdip of the coseis-
mic slip patches, and moderate stress increases past the
southern edge of the ruptured region (Fig. 4a). As shown in
previous studies (e.g., Gahalaut, 2005; Nalbant et al., 2005;
Pollitz, Banerjee, et al., 2006), the future Nias hypocenter
was substantially stressed by the 2004 coseismic deforma-
tion. The magnitude of the CFF change at the Nias hypocen-
ter is very sensitive to how far south one extends the 2004
slip model and at what depth one calculates the stress.
Previously published results have ranged from ∼10 to
100 kPa, and have considered hypocenter depths between
10 to 40 km. When resolving the CFF on the Sunda mega-
thrust surface, we find positive stress changes to be focused
over the eventual Nias high-slip region (green contours in
Fig. 4a). The 2005 hypocenter is located at 24 km depth
using our preferred geometry, with a 49 kPa CFF change.
The magnitude of the CFF change varies between 49 to
78 kPa between 24 km depth to the USGS hypocentral depth
of 30 km, with an average of 64 kPa CFF change. The
coseismic CFF change is particularly high at the 2005 hypo-
center because our 2004 source model has a high-slip
segment that truncates at 30 km depth. In addition, the elastic
properties in our earth model have major increases in stiff-
ness at 15-km and 25-km depth, which causes the CFF
change to likewise increase at those depth intervals.
However, the positive CFF change decreases rapidly along-
strike, and is <10 kPa before it reaches the 2007 rupture
zone. There is no significant CFF decrease over the northern
1797 slip segment to explain why the 2007 earthquake failed
to initiate in this region.

Afterslip following the 2004 earthquake increases and
expands the coseismic rupture and associated stress changes.
Based on our simple afterslip model, with 1 m of slip on
planes overlapping and downdip of the coseismic rupture
patches, the farthest extent of the >10 kPa CFF change is
the southern edge of Simeulue Island (Fig. 4b). The CFF
change at the 2005 hypocenter is 2 kPa, while the CFF
change at the 2007 hypocenter is much less than 1 kPa. It is
possible and even likely that small amounts of afterslip closer
to the 2005 hypocenter would have produced substantially
greater stress changes at this eventual earthquake initiation
point. The analysis of geodectic data by Prawirodirdjo et al.
(2010) during the year following the 2005 earthquake places
up to 8 m of slip updip of the 2004 rupture, between approxi-
mately 3.5° N and 6° N. Even with this proposed large
amount of afterslip, approaching the amount of slip on the
southernmost coseismic rupture segment, the CFF change

Table 1
2004 Averaged Coseismic CFF Changes under the

Sumatran Forearc Islands (kPa)

Megathrust Geometry Simeulue Nias Batu Islands Siberut

Curved interface 245 22 6 2
10° dip 250 30 5 2
15° dip 220 12 2 <1
20° dip 205 9 2 <1
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would still be less than <10 kPa over the 2007 rupture zone.
More analysis of geodetic data from the time of the 2004
earthquake until the 2007 earthquake is needed to accurately
constrain the total aseismic slip following the 2004 earth-
quake, but it likely did not substantially impact the stress
field near the 2007 hypocenter.

The poroelastic effects from the 2004 event are restricted
to the shallow portions of the megathrust, updip from the
main coseismic slip patch. Figure 4c shows that there are
no large stress changes in the along-strike direction toward

the 2007 epicentral region for poroelastic rebound down to
15 km depth. Postseismic poroelastic stress changes from
models with variable depths to which fluid flow occurs,
ranging from 15 to 60 km, produce CFF changes that are less
than 4 kPa everywhere on the 2007 rupture zone.

Viscoelastic relaxation tends to counteract the coseismic
stress changes near the rupture patches. Figure 4d shows that
there are positive CFF changes on the lower half of the co-
seismic slip segments, at approximately 15 to 40 km depth,
and negative CFF changes in the surrounding region. Large

Figure 4. Coulomb failure stress changes on the Sunda megathrust resulting from the 2004 (a) coseismic deformation, (b) afterslip
deformation from slip on planes at 30–60 km depth—note the smaller slip scale, (c) poroelastic deformation (with top 15 km of lithosphere
fluid-saturated), (d) viscoelastic deformation, (e) total coseismic and postseismic deformation. The earthquake source model overlays the
stress changes (Banerjee et al., 2007). The stress changes are also overlain by the Mw 8.7 2005 5-m slip contour (Konca et al., 2007), the
Mw 8.4 2007 1-m slip contour, and the Mw 7.9 2007 1-m slip contour (Konca et al., 2008). The major increases in elastic moduli, at 15-km
and 25-km depth, are marked with gray lines on the megathrust.
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positive CFF in the shallow portion of the megathrust only
extends as far south as central Simeulue Island.

Although the 2004 earthquake was an Mw 9.2 event,
the ∼950 km separation distance prevented the coseismic
and postseismic CFF changes at the 2007 hypocenter from
being >10 kPa (Fig. 4e). As shown in previous subduction
zone studies (e.g., Lin and Stein, 2004; Goldfinger et al.,
2008), this study highlights the fact that megathrust ruptures
such as the 2004 Sumatra–Andaman earthquake load the
plate-interface updip and downdip of the main rupture
and adjacent nearby faults much more than faults further
along-strike.

Stress Change from the 2005 Nias Earthquake

The 2005 earthquake was also too far north to produce
large coseismic and postseismic CFF changes at the 2007
hypocenter (Fig. 5d) with total stress changes of <1 kPa.
However, Figure 5a shows that the coseismic CFF is
>10 kPa beneath and to the east of Siberut Island, stressing
the northern 1797 rupture zone. The CFF change resulting
from postseismic afterslip is shown in Figure 5b. The
CFF > 10 kPa from afterslip extends to the southern edge
of the Batu Islands, while substantial CFF increase from
viscoelastic relaxation only reaches the northern tip of the

islands (Fig. 5c). If one assumes that only the top 15 km
of the lithosphere are saturated with fluids, the poroelastic
CFF change of >10 kPa is restricted to the top ∼10 km of
the megathrust down to 0.5° S. If the lithosphere were
saturated with fluids down to 30 km depth, then the poroe-
lastic rebound would lead to a negative CFF change below
the Batu Islands.

Stress Change from the 2000 Enggano Earthquake

The largest contributor to positive CFF change at the
2007 hypocenter was the Mw 8.0 2000 earthquake (Fig. 6).
The coseismic CFF change at the 2007 hypocenter is 18 kPa,
a factor of 3 times larger than the interseismic loading rate at
that depth. For the case of only the top 15 km being fluid-
saturated, there was only a small contribution of up to
∼1 kPa from poroelastic rebound because the 2000 earth-
quake rupture occurred below 15 km depth. Our models that
assumed the lithosphere is fluid-saturated down to 30 km
and 60 km depth did increase the range of high CFF changes
beyond the 2000 rupture zone, but the 2007 hypocenter is too
far away to be sensitive to these changes (for CFF change
maps from poroelastic deformation with top 15 km, 30 km,
and 60 km of lithosphere fluid-saturated, Ⓔ see Fig. S3 in
the electronic supplement to this paper). Seven years of

Figure 5. Coulomb failure stress changes on the Sunda megathrust resulting from the 2005 (a) coseismic deformation, (b) afterslip
deformation—note the smaller slip scale, (c) viscoelastic deformation, (d) total coseismic and postseismic (including poroelastic)
deformation. The 2005 earthquake source models (Hsu et al., 2006; Konca et al., 2007) and 2007 slip contours overlay the stress changes
(Konca et al., 2008). The major increases in elastic moduli, at 15-km and 25-km depth, are marked with gray lines on the megathrust.
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viscoelastic deformation relieved ∼4 kPa of CFF (Fig. 6b)
and brought the total CFF change to ∼16 kPa at the time of
the 2007 earthquake (Fig. 6c). Since the 2000 earthquake
epicenter is only ∼80 km southeast of the 2007 epicenter,
variations in megathrust geometry can significantly impact
the CFF changes in the 2007 hypocentral region. Figure 6d,
a cross section of coseismic CFF changes on faults parallel to
the megathrust from the trench to Sumatra and through the
2007 hypocenter, shows how the stress greatly increases
below the megathrust. The coseismic CFF change increases
from 18 kPa to 51 kPa, between the location of the 2007
earthquake on our preferred megathrust geometry and the
USGS hypocenter. The total response, including coseismic
and postseismic stress changes, varies between 16 kPa
to 43 kPa.

By comparing the CFF changes at the 2007 hypocenter
from the 2000, 2004, and 2005 earthquakes, it is evident that
the 2000 event had the largest impact on the stress field.
Figure 7 displays a time-series of the CFF changes at the
2007 hypocenter due to interseismic loading and the coseis-
mic and postseismic CFF changes from the 2000, 2004,
and 2005 earthquakes, relative to the state of stress at the
beginning of 2000. The variability between the CFF change
calculations at our preferred rupture depth and the USGS
hypocenter is strongest for the 2000 coseismic response, but
it is also evident in the viscoelastic decay following the 2000
and 2005 earthquakes. There is a larger positive coseismic
CFF change at greater depths with an accompanying larger
postseismic decay. The total coseismic and postseismic CFF
changes from the 2000, 2004, and 2005 earthquakes is
approximately equal to the interseismic loading between

the 2000 and 2007 earthquakes for the USGS hypocenter,
and approximately 1=2 the accumulated interseismic loading
for our preferred hypocenter. Thus, although the 2000 earth-
quake provided the greatest triggering potential out of the
three modeled earthquakes, it appears that the 2007 earth-
quake segment needed the additional loading provided by
the seven years of interseismic stress accumulation.

Figure 6. Coulomb failure stress changes on the Sunda megathrust resulting from the 2000 (a) coseismic deformation, (b) viscoelastic
deformation, (c) total coseismic and postseismic (including poroelastic) deformation. The 2000 earthquake source model (Abercrombie et al.,
2003), 2005slip contour (Koncaet al., 2007) and2007 slip contours (Koncaet al., 2008)overlay the stress changes.Themajor increases in elastic
moduli, at 15-km and 25-km depth, are marked with gray lines on the megathrust. (d) Cross section of coseismic CFF changes on megathrust
parallel faults. The filled star marks the 2007 hypocenter for our preferred megathrust geometry and the open star marks the USGS hypocenter.
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depth. The average interseismic rate is plotted. The timing of the
2000, 2004, 2005, and 2007 earthquakes is marked with stars.
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Seismicity Rate Comparison Method and Data

Seismicity Rate Change Calculation

We investigated seismicity changes following the 2004
earthquake using the standard beta-statistic approach (e.g.,
Hough, 2005; Reasenberg and Simpson, 1992). Beta is
defined as β " #Na $ Ne%=sqrt#variance%, where Na is the
number of earthquakes in a given area occurring after a major
event andNe is the expected number of earthquakes based on
preevent seismicity. Beta will be positive when the postseis-
mic rate is higher than the background seismicity rate and
negative when it is lower. We calculated β for 1-yr time
intervals in 1° square cells. The preseismic period considered
is between 1 January 1980 and 26 December 2004, but we
also evaluate seismicity changes using a catalog ending in
1999, prior to the 2000 Enggano earthquake. The postseis-
mic period starts on 26 December 2004, after the Sumatra–
Andaman earthquake, and lasts until 12 September 2007.

Earthquake Catalog

Our earthquake catalog consists of the preferred events
from IRIS SeismiQuery (see the Data and Resources section),
with contributors limited to the International Seismological
Center and the National Earthquake Information Service
(Fig. 2b). The magnitude of completeness for the catalog,
assuming a power law distribution of earthquakes with mag-
nitude, is 4.7. For this rate comparison study, it is more
important to have a larger number of earthquakes in the cat-
alog than more precise locations. Therefore, we chose not to
use the Engdahl relocated earthquake catalog (Engdahl et al.,
2007) in order to maximize the magnitude of completeness,
and thereby the number of earthquakes in our catalog. Our
catalog has a similar number of events as the Engdahl catalog
at magnitudes greater than 5.0, but is more complete at lower
magnitudes. We used ZMAP (Wiemer, 2001) to decluster the
catalog in order to reduce the effect of aftershocks (for a
comparison of the full catalog and declustered catalog, Ⓔ
see Fig. S4 in the electronic supplement to this paper).
The ZMAP declustering program uses Reasenberg’s (1985)
approach.

Seismicity Rate Comparison Results

In addition to modeling the static stress changes on the
Sunda megathrust, we compare the level of seismicity before
and after the 2004 earthquake to examine to what degree
static and/or dynamic stress changes impacted seismicity
rates along the Sunda subduction zone. Dynamic triggering
induced by passing seismic waves can have a wider-reaching
effect than static stress triggering (Freed, 2005 and references
therein). Such dynamically triggered aftershocks can in turn
trigger more earthquakes, including large ones (Felzer et al.,
2002). Increased levels of seismicity can also be associated
with transient aseismic slip, as reflected in the apparent
correlation of afterslip and aftershocks following the Nias

earthquake (Hsu et al., 2006). The distribution of the first
nine months of Nias afterslip was strongly correlated with
positive coseismic CFF changes on the plate-interface. This
statically triggered aseismic slip may further stress the plate-
interface, and therefore enable a delay time between the
initial earthquake and a triggered event. Similarly, notable
far-field seismicity increases could indicate the occurrence
of a larger, dynamically triggered slow-slip transient.

Seismicity Rate Changes from 2005 to 2007

Figure 8 shows the β values for the years 2005–2007 in
the Sumatra region, with the year 2004 until the Sumatra–
Andaman earthquake also shown for comparison. In general,
the seismicity level has been extremely elevated in western
Sumatra and the offshore region north of the equator. The
downdip width of the high-seismicity zone has narrowed each
year since 2005, but seismicity levels still remain an order of
magnitude higher in the 2004–2005 epicentral regions. In
2005, there was a vigorous cluster of aftershocks near Siberut
Island, as evidenced by β > 10. From 2005 to 2007, therewas
a more moderate increase in seismicity in the region that
slipped during the 2007 earthquake sequence, near the
Mentawai Islands of Sipora, North Pagai, and South Pagai.

Seismicity in the 2007 Epicentral Region

In 2005, there were moderate seismicity increases of up
to β " 4, in the 1° squares just north and south of the 2007
epicenter (Fig. 8b). There was a slight decrease in seismicity
in the squares containing the 2007 and 2000 epicenters. In
2006, the seismicity increased to slightly positive in the 2007
and 2000 squares, but decreased in the surrounding region
(Fig. 8c). The β values continued to decrease down to aver-
age levels during the first nine months of 2007 before the
September earthquake (Fig. 8d).

When calculating β for the combined nine squares sur-
rounding the 2007 epicenter, longitude 100°–103° and latitude
3° S–6° S, we see only small fluctuations in the pre-Enggano
earthquake seismicity with a mean β " $0:7 and standard
deviation of 0.8 for the years 1980–1999 (Fig. 9). The number
of earthquakes increased greatly for the time period following
the 2000 earthquake with a maximum β ∼ 10; there was a
second peak of moderate sized earthquakes from mid-2003
through 2004 (Figs. 8a, 9; for additional β value maps for
2000 to 2003, Ⓔ see Fig. S5 in the electronic supplement
to this paper). The seismicity level quickly drops down to
within 1-σ of the pre-2000 mean during 2005; however,
the β values stay above the pre-2000 mean for 90% of the
2000–2007 time period. Overall, the seismicity levels are
appreciably accelerated in the 2007 epicentral region follow-
ing the 2000 Enggano earthquake with the increased seismi-
city levels decaying to near average rates by the time of the
2007Bengkulu earthquake (for β valuemap using the 1980 to
1999 catalog, Ⓔ see Fig. S6 in the electronic supplement to
this paper).
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Figure 8. Beta values showing the relative change in seismicity following the 2004 earthquake compared with the time period 1980–
2004. For the year: (a) 2004 (compared with 1980–2003), (b) 2005, (c) 2006, and (d) 2007 up to the September earthquake. The pink squares
signify regions with earthquakes where there were no events during the preseismic period. The 2005 slip contour (Konca et al., 2007) and
2007 slip contours (Konca et al., 2008) overlay the beta values.
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Discussion

Differentiating Contributions from Different
Postseismic Processes

There continues to be some uncertainty about the rela-
tive contributions from viscoelastic relaxation, afterslip, and
poroelastic rebound to the deformation following the 2004
and 2005 earthquakes. Previous studies have fit the early
postseismic geodetic data in the near field as afterslip updip
and downdip from the main rupture patches (e.g., Hsu et al.,
2006; Paul et al., 2007; Gahalaut et al., 2008), whereas
viscoelastic deformation is strongly indicated to dominate
the far-field time-series (e.g., Pollitz, Bürgmann, and Bane-
rjee, 2006; Pollitz et al., 2008). Although all three postseis-
mic processes are almost certain to be occurring during the
time span between the 2004 and 2007, none of these mechan-
isms produce substantial stress changes at the 2007 hypocen-
ter or elsewhere on its rupture zone.

Influence of Fault Friction

For this study, we assumed a weak megathrust with a
low effective coefficient of friction, μ0 " 0:1. Cattin et al.

(2009) analyzed the CFF and seismicity changes on faults
adjacent to the Sunda megathrust, after the 2004–2005 earth-
quake sequence, as a way of estimating the effective coeffi-
cient of friction for nonmegathrust faults over a broad region
from central Sumatra to southern Myanmar. Their analysis
north of our study area, in the Andaman rift zone, strongly
suggests that μ0 > 0:5 to explain the triggered seismicity
there. They conclude that either the whole region has a high
fault friction such as the Andaman rift zone, or there are
significant spatial variations in the friction coefficient.
Likewise, it is possible that there are variations in the friction
coefficient along the megathrust, and we compare our results
with models using μ0 " 0:5. We find that there are no defin-
ing differences in the 2007 hypocentral region due to the
coseismic and postseismic CFF changes from the 2000, 2004,
and 2005 earthquakes (Fig. 10c,d), as the large shear stress
change overshadows the normal stress change (Fig. 10a, b).
Interseismic creep at depth does impart a negative normal
stress change on the shallower portions of the megathrust,
therefore a smaller μ0 would lead to larger CFF over time
(Ⓔ see Fig. S7 in the electronic supplement to this paper
for a stress timeline at the 2007 hypocenter using different
values of μ0). Interestingly, when using μ0 " 0:5 there is

Figure 10. Total stress changes resulting from the combination of the 2000, 2004, and 2005 coseismic and postseismic deformation on
the Sunda megathrust. Shown are (a) the shear stress component, (b) the normal stress component, (c) CFF with μ0 " 0:1, and (d) CFF with
μ0 " 0:5. The earthquake source models (Abercrombie et al., 2003; Banerjee et al., 2007; Konca et al., 2007), 2005 slip contour (Konca
et al., 2007), and 2007 slip contours (Konca et al., 2008) overlay the stress changes. The 1797 and 1833 slip patches are also outlined
(Natawidjaja et al., 2006). The major increases in elastic moduli, at 15-km and 25-km depth, are marked with gray lines on the megathrust.
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increased CFF change (up to 15 kPa) downdip of the 2007
main rupture patch, near the poorly resolved deep slip patch
below the mainland of Sumatra.

The Skipped 1797 Rupture Patch

Again we pose the question, why did the 2007 earth-
quake rupture the southern portion of the 1833 rupture zone
instead of rerupturing the historic 1797 rupture zone?
Natawidjaja et al. (2006) found that the accumulated inter-
seismic slip deficit since 1797 is greater than what was
released during the earthquake, while the interseismic slip
deficit accumulated over the 1833 segment has reached a
maximum of 75% of the 1833 event slip. Total CFF changes
since 2004 are positive and >10 kPa over the Siberut region
in the northern half of the 1797 rupture zone. The total CFF
changes are >10 kPa over a larger portion of the historic
1797 rupture segment than they are over the eventual 2007
rupture zone, which has a large positive value only near the
hypocentral region (Fig. 10c).

However, the total normal stress changes are negative
(clamping) over the 1797 rupture zone and positive over the
2007 rupture zone (Fig. 10b). This may indicate that the
relatively small normal stress changes have a greater impact
on triggered seismicity than is assumed by Coulomb failure
theory. Similarly, Perfettini et al. (1999) observed an asso-
ciation between the peak slip locations from the 1989 Loma
Prieta earthquake and portions of the fault that had been
unclamped by the preceding Lake Elsman events. They sug-
gest that the unclamping could have indirectly triggered the
Loma Prieta earthquake by triggering aseismic creep. The
periphery of the creep zone would sustain high shear stress
increases, with the Loma Prieta hypocenter being located
in this high stress region. Similarly, the 2000 earthquake
unclamped the deeper half of the future 2007 rupture zone,
which could have induced aseismic creep. A combination of
coseismic CFF increases at the 2007 hypocenter from the
2000 earthquake and aseismic creep induced shear stress
increases may explain why the southern 1833 segment
ruptured before the 1797 segment.

Although previous studies have suggested that the 1797
earthquake had a smaller magnitude than the 1833 earth-
quake and has since accumulated a larger interseismic slip
deficit, heterogeneities in the regional stress field may
account for the southern initiation point of the 2007 earth-
quake. Slip distributions of the 1797 and 1833 earthquakes
are not known in a detailed manner; it could be that in 1833
there was a relatively low-slip area over the future 2007
hypocentral region, and the positive CFF change imparted
by the 2000 earthquake was enough to trigger the southern
1833 segment. Heterogeneities in the structure of the incom-
ing oceanic crust may also affect the strength of the mega-
thrust and the interseismic coupling rate and lead to a
nonlinear relationship between the region with the largest
CFF change and the locations of triggered events. One such
crustal complexity is the Investigator Fracture Zone, which

enters the Sunda trench in the region between the Batu
Islands and Siberut, in the northernmost section of the 1797
rupture zone. This small section of the megathrust is likely
poorly coupled (Chlieh et al., 2008) and may explain why
the 2005 earthquake did not trigger a large earthquake in this
nearest, highly stressed portion of the Sunda megathrust.
Nonetheless, the section just south of this poorly coupled
segment, the Siberut segment, is strongly coupled, has not
ruptured since 1797, has ΔCFF > 10 kPa from the 2005
earthquake, must be close to failure, and represents a sub-
stantial remaining earthquake and tsunami hazard in the
region.

Delayed Dynamic Long-Distance Triggering

It is also possible that seismic waves could trigger aseis-
mic slip episodes at large distances, and these slow-slip
events can further stress the plate-interface and trigger addi-
tional earthquakes. One such far-field triggering example is
the tremor triggered by teleseismic earthquakes in Cascadia,
and the possible correlation between large teleseismic events
and episodic tremor and slip episodes (Rubinstein et al.,
2009). Similarly, the 1992 Landers, California, earthquake
was initiated by a swarm of foreshocks that appears to repre-
sent a slow-slip transient triggered by the preceding Joshua
Tree earthquake (Dodge et al., 1996). The observed increase
in seismicity levels over the two eventual 2007 rupture zones
during 2005 and 2006 (Fig. 8b,c), along with the increase in
seismicity during the few years following the 2000 earth-
quake (Ⓔ Fig. S5a,b,c in the electronic supplement to this
paper), may be evidence of such a delayed triggering me-
chanism. The increased level of moderate sized earthquakes
could have promoted (or be a reflection of) aseismic creep
over the portion of the 2007 rupture zone that was unclamped
by the previous stress changes (Fig. 10b). Unfortunately,
there is a lack of geodetic data during the two years following
the 2000 earthquake; however, a comparison of GPS veloci-
ties for the years 1992–1994 and 2002–2007 at Enggano
suggests a change in coupling of the plate-interface at this
region south of the 2000 hypocenter (Prawirodirdjo et al.,
2010). Future analysis of the cGPS data spanning the time
between the 2004 and 2007 earthquakes may be able to con-
firm whether there indeed was transient aseismic slip on this
southern portion of the Sunda megathrust leading up to the
two 2007 earthquakes.

Conclusions

Coulomb failure stress change at the 2007 Mw 8.4
hypocenter, resulting from the combined 2004–2005 coseis-
mic and postseismic deformation, is likely too small to have
triggered the recent earthquake. There are also no large
negative CFF changes in the Siberut region from the com-
bined 2004–2005 coseismic and postseismic deformations
that could help explain the delayed recurrence of the 1797
earthquake. However, the normal stress change was negative
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over the Siberut region and positive over the 2007 segment;
this unclamping of the 2007 segment may have promoted an
aseismic slip event and eventual rupture. The smaller 2000
Enggano earthquake turns out to have had the largest CFF
change at the 2007 hypocenter and may help to explain its
southern location. Investigations of seismicity rate changes
across the region, for the years following the 2004 earth-
quake, show that there was increased seismic activity along
the two 2007 rupture zones and overall higher levels of seis-
micity since the 2000 earthquake. Geodetic investigations
are necessary to determine whether this increased level of
seismicity was associated with accelerated aseismic slip on
the Sunda megathrust, a potential contributing factor to the
timing and location of the 2007 earthquake. Unfortunately,
the earthquake and tsunami hazard still remains high for the
Siberut region that last slipped in 1797.

Data and Resources

Earthquake location and magnitudes used in this study
can be obtained from IRIS SeismiQuery at http://www.iris
.washington.edu/SeismiQuery/sq‑events.htm (last accessed
12 December 2007). The Global Centroid Moment Tensor
Project database was searched using www.globalcmt.org/
CMTsearch.html (last accessed 1 July 2008). Some plots
were made using the Generic Mapping Tools version 4.1
(www.soest.hawaii.edu/gmt; Wessel and Smith, 1998).
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Supplementary Material 
 

The supplementary material includes figures of coseismic stress changes with variable 
fault geometry (Figure S1), interseismic stress change (Figure S2), poroelastic stress change 
from the 2000 earthquake with variable fluid saturation depths (Figure S3), earthquake catalog 
histograms (Figure S4), seismicity rate change from different time periods (Figure S5 & S6), and 
stress changes at 2007 hypocenter using variable fault friction (Figure S7). 

 

 
 
Figure S1. Sumatra coseismic CFF change resolved on a) preferred curved megathrust, b) 10° 
dipping plane, c) 15° dipping plane, and d) 20° dipping plane. All of the CFF maps cover the 
same depth range.  The main difference between the varied models is the location of the high 
stress region that extends past Siberut. This increase in CFF change is due to the increase in 
elastic stiffness parameters at 15 km and 25 km depth and the downdip edge of the rupture at 30 
km depth. The geometrical differences insubstantially impact the CFF change values at the 
deeper portions of the megathrust, at depths greater than the source model. 
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Figure S2. Two-plane interseismic model for the 2007 hypocentral region. a) The two-plane 
interseismic model approximates the geometry of the curved megathrust with plane-1 extending 
from 40 to 110 km depth at a 30° dip and plane-2 extending from 110 to 600 km depth at a 40° 
dip. Both planes have a uniform 4.5 cm/yr reverse slip and extend along strike for 800 km. 
Interseismic annual stressing rates are shown at cross section A-A’ for b) shear stress, c) normal 
stress, and d) CFF with µ’ = 0.1. The black planes are the source faults and the red planes are the 
receiver fault (preferred megathrust geometry). The 2007 hypocenter on our preferred 
megathrust geometry is shown by a filled star and the USGS hypocenter is shown by an open 
star. The CFF change is 5 kPa/year at our preferred hypocenter and 6 kPa/year at the USGS 
hypocenter. 
 
 

 
 
Figure S3. 2000 poroelastic CFF change model for a) pore-fluid saturation down to 15-km 
depth, b) pore-fluid saturation down to 30-km depth, and c) pore-fluid saturation down to 60-km 
depth.  Although the extent of the large poroelastic CFF changes increases with increased pore-
fluid saturation depth, the 2007 hypocenter is too distant to be sensitive to these changes. 
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Figure S4. M ≥ 4.7 and depth < 100 km seismicity from a) full catalog, b) declustered catalog, c) 
catalog restricted to 2007 epicentral region, and d) declustered catalog restricted to 2007 
epicentral region. The red arrows point to the 2000, 2004, and 2005 earthquakes and the yellow 
arrow points to the 2007 earthquake. 
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Figure S5. Beta values showing the relative change in seismicity compared to the time period 
1980-1999. For the year: a) 2000, b) 2001, c) 2002, and d) 2003.  The pink squares signify 
regions with aftershocks where there were no earthquakes during the preseismic period. The 
2005 slip contour (Konca et al., 2007) and 2007 slip contours (Konca et al., 2008) overlay the 
beta values. 
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Figure S6. Beta values showing the relative change in seismicity compared to the time period 
1980-1999. For the year: a) 2004, b) 2005, c) 2006, and d) 2007 up to the September earthquake.  
The pink squares signify regions with aftershocks where there were no earthquakes during the 
preseismic period. The 2005 slip contour (Konca et al., 2007) and 2007 slip contours (Konca et 
al., 2008) overlay the beta values. 



Page 7 of 7 

 

Figure S7. Accumulated stress change at the 2007 hypocenter since the time of the 2000 
earthquake. The normal stress change, shear stress change, and CFF change (µ’ = 0.1 and 0.5) is 
plotted at the average hypocentral depth (between our 18 km depth and the USGS 30 km depth). 
The accumulated CFF change includes coseismic and postseismic stress changes from the 2000, 
2004, and 2005 earthquakes along with an interseismic stressing rate. Lacking knowledge of 
their time-dependence, the poroelastic and afterslip stress changes are added to the coseismic 
stress changes for the 2000, 2004, and 2005 earthquakes. The timing of the 2000, 2004, 2005, 
and 2007 earthquakes are marked with stars. 


