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A B S T R A C T

The Sumatran subduction zone has been seismically very active compared with other major subduction zones in
the world. Since 2004, a sequence of large earthquakes ruptured along the trench, including the 2004 Mw 9.2
Sumatra-Andaman, the 2005 Mw 8.6 Nias-Simeulue, the 2007 Mw 8.4 Bengkulu, the 2010 Mw 7.8 Mentawai
tsunami earthquakes and numerous moderate and small events. These earthquakes released stress over tens of
seconds to minutes, disturbing the lithosphere and asthenosphere across a broad region. As earthquake-in-
troduced stress disturbance can trigger tremendous aftershocks and sometimes precipitate large earthquakes in
their vicinity, gaining a detailed picture of spatial and temporal stress evolution on the fault and its neighboring
faults is crucial for seismic forecasting. Here, we have developed spatiotemporal Coulomb stress models for the
Sumatran region, which includes the Sumatran subduction zone and the Sumatran fault, using a well-studied
postseismic model. This postseismic model is constrained by decade-long time series of geodetic observations
from the Sumatran GPS Array (SuGAr) and from tide gauge data in Southeast Asia. We show that Coulomb stress
changes imparted by co- and post-seismic processes of previous great ruptures could well explain the temporal
and spatial connection between seismicity and stress evolution. Most importantly, our results reveal that the
stress in the Mentawai seismic gap of the Sumatran subduction zone was loaded by more than two bars. These
stress perturbations could potentially trigger the rupture of the Mentawai seismic gap, which was already
overdue in the last seismic cycle. Now, the likelihood for the failure of this gap is even higher than before 2004.
We also find that along the Sumatran fault stress has increased to more than one bar, which may explain the
surrounding seismicity. Consequently, we highlight the considerable seismic hazard and associated tsunami
threat to the neighboring regions.

1. Introduction

The world’s largest earthquakes occur along the converging plate
boundaries in subduction zones by rupturing large patches of mega-
thrusts. These giant earthquakes release accumulated stress on the
faults within seconds to minutes, disturbing the stress state of the li-
thosphere and asthenosphere system (Ammon et al., 2005; Banerjee
et al., 2007; Chlieh et al., 2007; Hughes et al., 2010; Wiseman et al.,
2015). The stress disturbances from these earthquake ruptures can
drive pore pressure migrations that further trigger large earthquakes
(Hughes et al., 2010), and push weak portions of faults that continued
to slip, so called afterslip (Barbot et al., 2009; Hsu et al., 2002; Johnson
et al., 2006; Perfettini and Avouac, 2007), and also accelerate viscoe-
lastic flow in the upper mantle (Broerse et al., 2015; Freed et al., 2006;
Hoechner et al., 2011; Hu et al., 2016; Hu and Wang, 2012; Moore

et al., 2017; Panet et al., 2010; Pollitz et al., 2006; Suito and
Freymueller, 2009; Sun et al., 2014; Wiseman et al., 2015). Transient
postseismic processes of the afterslip and viscoelastic flow are capable
of introducing stress loading on neighboring faults or sometimes on
distant faults, causing them closer to fail (Bürgmann et al., 2002; Felzer
et al., 2002; Freed and Lin, 2001; Hearn et al., 2002). Occasionally, the
postseismic relaxation could lead the shallow part of the megathrust to
rupture as a tsunamigenic earthquake (Tsang et al., 2016). The tran-
sient processes can last for months, years, decades (Copley, 2014; Suito
and Freymueller, 2009), or even longer (Wang et al., 2012). Conse-
quently, precisely investigating the spatiotemporal stress evolution
within subduction zones is fundamental for comprehensive seismic and
tsunami hazard assessments.

Such assessment is crucial for the Sumatran subduction zone.
Various portions of the Sumatran megathrust ruptured during the 2004
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Mw 9.2 Sumatra-Andaman (Ammon et al., 2005; Chlieh et al., 2007),
the 2005 Mw 8.6 Nias-Simeulue (Kreemer et al., 2006; Hsu et al., 2002;
Konca et al., 2007), the 2007 Mw 8.4 Bengkulu (Konca et al., 2008), and
the 2010 Mw 7.8 events (Hill et al., 2012) (Fig. 1). These ruptures left a
large segment of the trench, the Mentawai gap, unbroken, with the
patch poised for a potential Mw≥ 8.8 event (MUHARI et al., 2010;
Natawidjaja, 2009). Furthermore, coral microatoll measurements in
this gap indicate a super-cycle earthquake recurrence of ca. 200 years
(Sieh et al., 2008), and with the last great earthquake there in 1797
(Natawidjaja et al., 2006), the next rupture is expected in the coming
decades (Sieh et al., 2008). Assessing the gap’s stress status is critical, as
any stress perturbation might trigger its rupture, resulting in ground
shaking and tsunami aimed directly at the highly populated cities of
Padang and Painan in Sumatra (Li et al., 2012; MUHARI et al., 2010).

Additionally the 1900 km-long Sumatran fault (Sieh and
Natawidjaja, 2000) on the mainland is close to these great earthquake
rupture regions, and 13 active volcanoes are in its vicinity (Fig. 1). Co-
and post-seismic stress perturbations from these megathrust earth-
quakes may have stressed the Sumatran fault and these volcanoes, and
could bring failures of the fault in advance and could trigger volcano
activities.

In this paper, we implement the well-studied coseismic slip models

for the above-mentioned great earthquakes and the associated post-
seismic deformation models to evaluate the spatiotemporal stress evo-
lution in the Sumatran subduction zone, on the Sumatran fault, and
under the active volcanoes, respectively. We find that previous earth-
quakes elevated the stress level in the Mentawai gap. Stress in most
segments of the Sumatran fault increased, except for the segment close
to the Mentawai gap, where the stress level was elevated only moder-
ately. Under the 13 active volcanoes, the coseismic ruptures reduced
pressure by more than 0.2 bar, while the postseismic processes have
affected the pressure moderately. However, the interaction between the
Sumatran fault and these active volcanoes needs to be recognized. In
summary, as the stress changes in the Mentawai gap and on the
Sumatran fault are high (> 1 bar), we suggest that seismic and the
associated tsunami hazards in this region have significantly increased,
which should be reflected in hazard assessment and mitigation pro-
grams.

2. Methodology

2.1. Geodetic data and postseismic models

Indonesia is called an “Island country” as it is composed of thou-
sands of islands varying in size. Some of these islands are directly above
the plate boundary between the subducting Indo-Australian and Sunda
plates, forming megathrusts in the Java and Sumatran subduction re-
gions. In the Sumatran subduction zone, a chain of islands located di-
rectly above the seismogenic region provides a unique opportunity to
deploy equipment to capture motion of the megathrust and in the
mantle, down to tens to hundreds of kilometers into the earth’s sub-
surface. The Sumatran GPS Array (SuGAr) is deployed on this island
chain and on the Sumatran mainland, monitoring surface deformation
on a millimeter scale (Feng et al., 2015). The SuGAr network, which has
been monitoring the Sumatran subduction zone since 2002, has re-
corded deformations caused by detectable tremendous small earth-
quakes, great earthquakes and giant earthquakes (Feng et al., 2015).
The extensive dataset contains complex information from multiple
earthquakes, and has afforded detailed interrogation of the movements
of the megathrust, for example, coseismic slip processes (Hill et al.,
2015, 2012; Konca et al., 2007, 2008; Salman et al., 2017) and post-
seismic relaxation following earthquakes (Feng et al., 2016; Hsu et al.,
2002; Hu et al., 2016; Kreemer et al., 2006; Masuti et al., 2016; Qiu
et al., 2018; Salman et al., 2017; Tsang et al., 2016; Wiseman et al.,
2015).

The GPS measurements show the ground surface moved rapidly in
the early stages of postseismic relaxation following megathrust earth-
quakes, before slowing down to progressively longer time periods (Feng
et al., 2015). These transient motions may reflect the likely movements
on the megathrust, on the neighboring fault systems, and in the upper
mantle. Qiu et al. (2018) combined these GPS time series together with
far-field tide gauges in Malaysia and Thailand to interrogate these
transient motions on the fault and in the continental mantle wedge from
early 2005 to 2014. They modeled the transient motions on the fault as
afterslip processes and in the mantle wedge as viscoelastic flows, using
a Kalman-filter-based joint inversion approach. The technique inverts a
kinematic process of the slip and viscous strain (Barbot et al., 2017) in
the mantle wedge without a prior assumption on the possible rheology
model.

Qiu et al. (2018) have shown that the afterslip on the megathrust
following great earthquakes is primarily located in the periphery of
their coseismic slip patches, and the viscoelastic flows are mainly dis-
tributed deep, down-dip of the coseismic slip region in the mantle
wedge (Fig. 2). They show spatiotemporal modifications in the ca.
9 years’ modeling time period. The spatial and temporal dependencies
of the afterslip and viscoelastic flow may have modulated the stress
fields by stress loading of existing faults, redistributing the stress along
the megathrust itself and its surrounding tectonic structures. Thus, we

Fig. 1. Published slip models of the great earthquakes in the Sumatran sub-
duction zone since 2004. The colored areas represent slip models of the great
earthquakes. Geographically from north to south, they are the 2004 Mw 9.2
Sumatra-Andaman (Chlieh et al., 2007), the 2005 Mw 8.6 Nias-Simeulue (Konca
et al., 2007), the 2007 Mw 8.4 Bengkulu earthquakes (Konca et al., 2008) and
the 2010 Mw 7.8 Mentawai tsunami earthquake (Hill et al., 2012). The colorbar
is saturated at 12m. The red rectangle delineates the so-called Mentawai
seismic gap. The green triangles show the locations of active volcanoes on the
Sumatran mainland. The blue alignments show the Sumatran fault. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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use this well-estimated afterslip and viscous strain variations to eval-
uate the spatiotemporal stress changes on fault systems, including the
Sumatran subduction zone and the Sumatran fault, and to examine
pressure changes under the active volcanoes in Sumatra.

2.2. Coulomb stress

Coulomb stress model is a physics-based model and a powerful tool
for earthquake forecasting (e.g., Chan et al. 2010; Catalli and Chan,
2012). For example, spatial distribution of aftershocks and earthquake
interactions have been successfully modeled as a response of Coulomb
stress change induced by previous neighboring earthquakes (Catalli and
Chan, 2012; Chan and Stein, 2009; Harris, 1998; King and Cocco,
2001). Here we use the COULOMB 3.4 code (Toda et al., 2011) to
calculate the stress changes from the estimated slip and viscous strain in
homogenous media (Qiu et al., 2018). Since this stress model is physics-
based, the stress calculations are based on numerous a priori assump-
tions, such as, target depth of calculation and receiver fault planes.
Such information, however, is usually unclear, resulting in large un-
certainties in calculations, which in turn bias interpretation of earth-
quake triggering and forecasting. Previous studies suggested that spatial
variation receiver faults that match the neighboring focal mechanism
can largely reduce the uncertainty and explain the seismicity pattern
(e.g., Chan et al., 2010; Toda et al., 2008). Further, Catalli and Chan
(2012) conclude that target depth plays a fundamental role in stress
calculation, and by selecting the maximum stress over the entire seis-
mogenic depth, can sufficiently explain seismicity pattern regardless of
different tectonic regimes.

In this study, we implemented the approach by Catalli and Chan
(2012) to evaluate Coulomb stress in the Sumatran subduction zone.
Basically this approach discretizes the study area into layered compu-
tational grids at various depths. At each grid, the receive fault is as-
sumed to be the nearest reference focal mechanism. Finally the max-
imum Coulomb stress change over the entire computational depth
range at each grid will be used for further interpretation. In Sumatra we
defined the computational domain ranging from 90°E to 105°E, from
6°S to 16°N on a 0.2-degree horizontal grid, and 20-km depth grid in-
terval. We tested different friction coefficients and obtained un-
distinguishable results; thus we fixed the friction coefficient at 0.4 for

all calculations. At each grid point, we searched for the closest focal
mechanism solution from gCMT (https://www.globalcmt.org/
CMTsearch.html) to determine a receiver fault plane for each calcula-
tion grid. We evaluated the stress at a 10-km depth with a right-lateral
motion for the Sumatran fault, and we calculated the pressure changes
at the depth of 10 km at the locations of the 13 active volcanoes on the
Sumatran mainland (Fig. 1).

3. Results

3.1. Coseismic stress change

When calculating the coseismic stress change for each megathrust
earthquake in the Sumatran subduction zone, we chose the coseismic
slip models, which incorporated as many available observations (e.g.,
GPS data, seismicity, tide data) as possible. These models included
Chlieh et al.'s (2007), Konca et al.'s (2007), Konca et al.'s (2008) and
Hill et al.'s (2012) for the 2004 Mw 9.2 Sumatra-Andaman, the 2005
Nias-Simeulue, and the 2010 Mw 7.8 Mentawai tsunami earthquakes,
respectively (Fig. 1). We show the maximum stress at each grid over the
entire 100 km seismogenic depth in Fig. 3 and aftershocks from the ISC
catalog spanning from 2004 to 2014. In general, the maximum stress
changes are positive almost everywhere along the entire subduction
zone, with only a few patches where stress decreased. These places are,
for example, a small portion of the Mentawai earthquake rupture region
west of the Pagai Island, down-dip of the Bengkulu slip area, and
spotted patches downdip of the Sumatra-Andaman rupture. Overall
these stress-reduced regions are small and with low seismic activity,
while almost all the seismicity occurred within areas of increased stress,
suggesting Coulomb stress changes enable good spatial forecasting of
seismicity in this region.

These great earthquakes increased stress over a broad region,
reaching ca. 1000 km to Malaysia and Thailand and across the whole
Sumatran mainland (Fig. 3). In addition, we notice another intriguing
feature of the correlation between the increased stress and the in-
creased out-rise seismicity between 6°N to 8°N. The significant stress
increase in this region further suggest that the coseismic slip may have
reached the trench and triggered these aftershocks (Sladen and
Trevisan, 2018).

Fig. 2. Cumulative afterslip on the megathrust and viscous strain in the mantle wedge estimated from early 2005 to 2014 (modified from Qiu et al. 2018). The colors
of the mantle wedge present the second invariant strain tensor with color saturated at 1.5×10-6. The color on the fault patches shows the afterslip estimated and
saturated at 8m. Both near-field GPS and far-field tide gauges were used for postseismic modeling. The colored contours represent the same earthquake ruptures as in
Fig. 1.
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The 2004, 2005, 2007, and 2010 earthquakes stressed the northern
part of the Sumatran fault from Aceh all the way to Baitu Islands and
the Bengkulu segment of the Sumatran fault in the south (Fig. 3). In the
middle segment, close to the Mentawai seismic gap region, the stress
was moderately raised (< 1 bar), while the stresses at the boundaries of
Baitu Island to the north and especially at the boundary (the region
outlined by the dashed rectangular) to the south were elevated (> 5
bars).

3.2. Postseismic stress evolution

The stress evolution during postseismic period were evaluated by
the well-estimated afterslip on the megathrust and the viscoelastic
flows in the mantle wedge by Qiu et al. (2018) for the same area as the
coseismic stress calculations (shown in Fig. 3). Similarly to coseismic
stress modeling, we show the maximum cumulative stress (from early
2005 to 2014) at each grid over the seismogenic depth (Fig. 4). Simi-
larly to the coseismic stress changes, postseismic stress evolution, in
general, explains well the spatial pattern of the aftershocks (Fig. 4). In
some locations, the postseismic stress pattern is better correlated with
the aftershocks than that of coseismic stress changes (e.g., increased
out-rise aftershocks offshore of the Andaman Islands between 10°N to
15°N, offshore of Aceh between 2°N-6°N, or offshore of Nias between
1°N to 2°N). The deep afterslip following these great earthquakes fur-
ther enhanced the stress level at the Sumatran fault in the Aceh and
Nias segments. The Sumatran fault in the Bengkulu region was also
elevated by postseismic relaxation following the 2007 earthquake.

In the Mentawai seismic gap region, the stress modulations during

the postseismic period were more complex than the coseismic stress
changes. The stress level in Baitu Island region was highly elevated and
reached further south than the coseismic process due to afterslip on the
megathrust (Fig. 2). Downdip of north Pagai Island, the stresses were
enhanced by the downdip of the afterslip following the 2007 Bengkulu
earthquake (Fig. 3). Interestingly, stress increased on two isolated
patches northeast and south of Siberut Island. The northeast patch was
related to the afterslip process on the megathrust fault as the stress
response to the Mw 7.9 aftershock following the 2007 Mw 8.4 Bengkulu
mainshock (Konca et al., 2007; Tsang et al., 2016). The southern patch
was connected with the continued slip on the fault following the 2008
Mw 7.2 earthquake (Salman et al., 2017). We also obtained moderate
stress increase on the Sumatran fault in the seismic gap.

3.3. Spatiotemporal postseismic stress changes on the Sumatran fault

We calculated the postseismic stress evolution on the Sumatran fault
with right-lateral motion. We first tested stress calculations from 10 to
30 km depths, and concluded that there was no significant variation
across this depth range (Fig. S1). Thus we present the postseismic stress
evolution and also the coseismic stress changes on the Sumatran fault at
the depth of 10 km (shown in Fig. 5). In addition, we plot aftershocks
(from the ISC and ANSS catalogs) within a 15-km range surrounding the
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Fig. 3. A Coulomb stress model from the coseismic slip models of the great
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Sumatran fault, shallower than the depth of 60 km, in Fig. 5. We notice
that the seismicity rate after the 2004 Sumatra-Andaman earthquake is
much higher in the southern part of the 2004 rupture between ca. 6°N
to 4°N, and spatially extending further south from ca. 2°N to 4°N in the
region with the 2005 rupture. The raised seismicity gradually subsided
as the stress rate decayed, but the spatiotemporal changes are well
correlated with the stress evolution in the 2004 rupture segment fol-
lowing the earthquake.

Further south of the Sumatran fault, near the 2005 Nias rupture, we
have found a similar highly elevated seismicity rate following the
earthquake (Fig. 5). During the coseismic period, the spatial distribu-
tion of the subsequent seismicity is highly correlated with the largest
area of elevated stress (e.g., around 2.0°N and 3.5°N). These seismicity
numbers are positively correlated with the cumulative postseismic
stress. We notice two stress-concentration regions in the 2005 Nias
rupture area, with the southern one (between 0° and 3°N) gaining more
stress than the northern one (3°N to 4°N) due to the larger transient slip
on the megathrust (Fig. 2). We obtain high dense distributed seismicity
in the southern segment compared to the northern segment, indicating
that the transient motions on the fault and the mantle flow may have
promoted the failures of these earthquakes. These transient motions are
still ongoing (Qiu et al., 2018), inferring its continuously impact on
seismicity activity.

Moving towards the southern segment of the Sumatran fault near
the 2007 Bengkulu rupture patch (from 5°S to 1°S), the seismicity rate
before 2004 was low (Fig. 5), especially in the northern part (from 1°S
to 3°S), where seismicity was almost absent, while seismicity rate in the
southern part (from 5°S to 3°S) was moderate. Similarly, after the
Bengkulu rupture, the seismicity rate immediately jumped above the
background rate, and continued to rise following the earthquake. More

intriguing is the finding that seismicity density in the southern part is
much higher than that of the northern part immediately after the
earthquake, suggesting that the southern part may be highly stressed
and closer to failure, and then triggered by the large stress loading from
the coseismic release.

In between 1°S and 1°N, within the Sumatran fault segment near the
Mentawai seismic gap, we observe almost no earthquakes from 2000 to
2005. However, after the Nias and Bengkulu earthquakes, the seismicity
rate continued rising over time (Fig. 5), implying that the co- and post-
seismic stresses may have loaded this portion of the Sumatran fault.

3.4. Pressure evolution of active volcanoes on the Sumatra Island

We calculated the time evolution of pressure changes at the depth of
10 km for the 13 active volcanoes (green triangles in Fig. 1) on the
Sumatran mainland based on the estimated afterslip and viscous strain.
We also calculated the pressure changes under these volcanoes from the
coseismic ruptures. The pressure changes from co- and post-seismic
processes are shown in Fig. 6.

The coseismic ruptures depressed all the 13 volcanoes, i.e. in the
2004 rupture region, the pressure reduction reached a maximum of ca.
0.3 MPa, and the seismicity within 15 km of the volcanoes increased for
several months immediately following the earthquake, and then dis-
appeared. The sudden seismicity quiescence might be associated with
the pressure increase from postseismic processes. A similar phenom-
enon occurred under the volcanoes near the 2005 rupture region
(Figs. 1 and 6). While in the 2007 Bengkulu rupture region, no seis-
micity was associated with the pressure decrease following the co-
seismic rupture. The absence of seismicity in the vicinity of these vol-
canoes might have been caused by a lower maximum pressure decrease

Fig. 5. A Coulomb stress model for the
Sumatran fault for (a) Postseismic stress
evolution and (b) Coseismic stress changes.
The stress was calculated at a 10-km depth
with a right-lateral receiver slip direction.
The white and light-blue stars show seismi-
city from the ISC and ANSS catalogs, re-
spectively, with a time period spanning from
2000 to 2014. The red, blue and cyan da-
shed lines indicate the times of the 2004,
2005, and 2007 earthquakes, respectively.
The warm and blue colors show the spatio-
temporal evolution of postseismic stress.
(For interpretation of the references to color
in this figure legend, the reader is referred to
the web version of this article.)
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than in the cases of the 2005 Nias-Simeulue and the 2004 Sumatra-
Andaman earthquakes. The total pressure changes in the Bengkulu
segment vary from north to south: Between 0° to 3°S, the pressure is
declining, which may facilitate further dilatation effects and/or pro-
mote seismic activities; from 6°S to 3°S, pressure under the active vol-
canoes is building up following the 2007 earthquake, which may sup-
press possible dilatation in the following years.

4. Discussion

Our co- and post-seismic stress models have explained the evolution
of seismic activities in the Sumatran subduction system remarkably
well, indicating that Coulomb stress modeling by using the spatially
variable receiver slip direction from neighboring focal mechanism and
presenting the maximum stress changes over the entire seismogenic
depth can robustly assess the earthquake triggering and fault interac-
tion (Catalli and Chan, 2012; Chan et al., 2010; Chan and Stein, 2009).
While a sufficient number of GPS stations in the Mentawai gap and
further south until Pagai Islands (Fig. 1) provide good constrains for our
stress calculations, some uncertainties may remain, mostly due to re-
solution limits in the measurements-driven geodetic slip inversions.
Firstly there are multiple postseismic mechanisms and their resulting
natural trade-offs; secondly, the afterslip process mostly occurred up-
dip and down-dip of the coseismic slip on the megathrust (e.g., Hsu
et al., 2002; Kreemer et al., 2006; Qiu et al., 2018; Tsang et al., 2016),
where geodetic observations are rare. To resolve these uncertainties,
future large-scale measurements in the ocean and on land are highly
recommended. In comparison to the post-seismic slip uncertainties, the
coseismic slip is well constrained as the ruptures occurred beneath the

fore-arc islands chain and a wealth of data is available; thus the asso-
ciated coseismic stress changes are well determined.

The Mentawai segment of the Sumatran subduction zone ruptured
historically in 1797 and 1833 in Mw > 8.5 events (Natawidjaja et al.,
2006) (Fig. 7). No single earthquake with Mw > 8 has occurred since
then, but coral data in this region indicate an earthquake super-cycle
with a return period of ca. 200 years (Sieh et al., 2008). In addition,
modeling based on coral measurements and geodetic data and long-
term GPS measurements shows that this portion of the megathrust has
been highly coupled throughout at least the past half-century, in-
dicating that stress has been accumulating since 1797 and 1883 (Chlieh
et al., 2008; Natawidjaja et al., 2007), corresponding to a slip deficit of
ca. 10m, if we assume a slip deficit rate of 45mm/year (Linette et al.,
2010; Natawidjaja et al., 2006). The Mentawai seismic gap is thus
overdue, and possible stress disturbances from neighboring ruptures
will likely push the segment to failure. Postseismic stress loading by 1–2
bars has been proposed to be responsible for triggering great earth-
quakes on distant faults. Examples include delayed triggering of the
1999 Mw 7.1 Hector Mine event by the 1992 Mw 7.3 Landers earth-
quake in southern California (Freed and Lin, 2001) and the 1999 Mw

7.1 Düzce event by the Mw 7.5 Izmit earthquake in Turkey (Hearn et al.,
2002). Our coseismic and especially postseismic stress models loaded
this seismic gap with the maximum stress of more than 5 bars, pro-
viding a mature stress condition for nucleating earthquakes (Dieterich,
1992; Duan and Oglesby, 2006; Lapusta and Rice, 2003). Additionally,
our stress model for the 2008 Mw 7.2 rupture (Fig. 7) further loaded the
Mentawai gap, which increased stress between Sipora and Pagai Islands
by more than 2 bars. The spatial stress pattern in the Mentawai gap is
thus indicating a critical state. The potential rupture will not only cause

Fig. 6. Coseismic and postseismic pressure
changes calculated at 10 km deep for the 13
active volcanoes on the Sumatran mainland.
The colorbar indicates pressure changes
with time, with the black thick line showing
coseismic pressure changes. The locations of
the active volcanoes are shown in Fig. 1. The
white and light-blue stars show the seismi-
city from the ISC and ANSS catalogs, re-
spectively, with a time period spanning from
2000 to 2014. The red, blue and cyan da-
shed lines indicate the times of the 2004,
2005, and 2007 earthquakes, respectively.
(For interpretation of the references to color
in this figure legend, the reader is referred to
the web version of this article.)
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strong ground shaking on the Mentawai islands (e.g., Siberut, Sipora
and Pagai), but also trigger a 5–6m’ tsunami that will arrive at the
highly populated cities (e.g., Padang, Painan) and the coastal area in
the west Sumatra within ca. 30 min (Borrero et al., 2006; Li et al., 2012;
MUHARI et al., 2010).

In addition, large earthquakes may affect activities of nearby vol-
canoes. For example, in the Chile subduction zone, pore fluid was
driven by the 2010 Mw 8.8 Maule megathrust earthquake, triggering
subsidence surrounding the fore-arc volcanoes (Pritchard et al., 2013),
and also viscoelastic flow below this volcanic chain (Klein et al., 2016;
Li et al., 2018). Similarly, the Mentawai gap is forecast to rupture in
Mw≥ 8.8, which will likely affect that the neighboring volcanoes.

We have found elevated seismicity within 15 km of the Sumatran
fault segment in the rupture regions immediately after the 2004, 2005,
2007, and 2010 events, and the seismicity continue to be accumulating
during the postseismic relaxation time period. A good correlation be-
tween seismicity and stress increase (Fig. 5) suggests that the corre-
sponding Sumatran fault has been stressed since 2004. The stress
feedback from the transient postseismic processes is not finished yet,
and it will continue loading the Sumatran fault, the surrounding area,
and the upper mantle in the years or decades to come (Wang et al.,
2012). These transient motions occur quietly on the thrust and its
surrounding rocks of the lithosphere and asthenosphere, and are only
detectable geodetically (e.g., by GPS). Additionally the area of the Su-
matran fault contains many active volcanoes. Our pressure changes

estimations warn the possibility of the interaction between them as the
secondary effect. Decades of measurements and modeling show that the
postseismic relaxation is ongoing (Copley, 2014; Qiu et al., 2018; Suito
and Freymueller, 2009), and we need to continue updating the stress
maps as well as our hazard assessments.

5. Conclusion

We have developed Coulomb stress models for the Sumatran sub-
duction tectonic region. Specifically, we have evaluated the stress
changes in the subduction zone, on the Sumatran fault and at 13 active
volcanoes on the Sumatran mainland. We have found that the great
earthquake ruptures since 2004 have modified the stress levels over the
entire subduction tectonic region. The Mentawai seismic gap and the
Sumatran fault have been loaded, posing substantial seismic and tsu-
nami hazards to the neighboring regions. This heightened risk needs to
be taken into account by policy makers and to be reflected in hazard
assessments.
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