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Tsunamigenic earthquake at the Sunda
trench promoted by aseismic slip after a
previous megathrust event
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The shallow portion of megathrusts can exhibit various modes of failure: interseismic creep, triggered
afterslip, or rupture during a tsunami(genic) earthquake, resulting in a potential hidden danger to
onshore communities. However, determining which mode is likely for a given portion remains
challenging due to a lack of near-trench observations and limited resolution in inversion models. Here,
we present a new two-step hybrid postseismic modelling approach that integrates the advantages of
conventional forward and inverse methods, greatly improving our resolution of afterslip on the fault,
viscous strain in the mantle, and the associated mechanical properties of both regions. We apply this
approach to image the fault properties and slip evolution of the region surrounding the 2007 M,, 8.4
Bengkulu earthquake, and show how it promoted the subsequent 2010 M,, 7.8 Mentawai tsunami
earthquake. Our results indicate that the deeper portion of the 2010 coseismic rupture area is velocity-
strengthening, and slipped aseismically following the 2007 event. Upward propagation of this afterslip
then loaded the shallow velocity-weakening area of the 2010 rupture, which generated a large tsunami

in the Pagai Islands. Our approach affords a powerful tool for assessing the future possibility of
tsunami(genic) and other triggered earthquakes in seismic gaps near recent large events.

Tsunami earthquakes rupture the shallowest portion of global subduction
zones with a low rupture velocity', but excite larger tsunamis than expected
from their routine 20-s (Ms) or 1-s (mb) seismic magnitude™’. These events
often rupture a small area on the megathrust with a lower magnitude, which
contrast with larger megaquakes that also generate large tsunamis but with a
much greater total slip over a large area®’. Small rupture area with low
magnitude ranks tsunami earthquakes as the most efficient tsunamigenic
events among all earthquake categories™®’.

Tsunami earthquakes spatially inhabit the shallowest part of the
megathrust beneath the frontal accretionary prism at the trench'. Such
events are rare, until now there are 13 events reported at global sub-
duction zones including 2010 & 2022 Mentawai, 1907 Nias, 2006 Java,
1994 Java, 1947 Hikurangi-Poverty, 1947 Hikurangi-Tokomaru,
1896 Sanriku, 1963 & 1975 Kuril, 1946 Aleutian, 1992 Nicaragua and
1996 Peru™’; but they represent a significant danger to coastal com-
munities as they generate only weak shaking and may not trigger

an evacuation as a result'’™"?. Consequently, understanding the seismic
and tsunamigenic potential of the shallow megathrust is crucial for
accurate hazard assessment and timely early warning in densely popu-
lated coastal communities located near global subduction zones™".
This is particularly the case if the shallow megathrust is progressively
loaded by postseismic stress following a large neighboring-downdip
earthquake'*".

Unfortunately, quantifying where and by how much the shallow
megathrust is stressed by postseismic processes induced by large downdip
earthquakes remains challenging for several reasons. First, the shallow
megathrust is often far offshore and thus its motion is poorly sensed by the
conventional land-based geodetic-monitoring networks at most subduction
zones'”'"®. Second, the postseismic process is complex due to multiple
mechanisms acting in concert that can generate similar displacements at the
surface; thus, it is not always possible to uniquely attribute deformation to a
particular source'’ ™",
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Fig. 1 | Coseismic and postseismic deformation characteristics of the 2007
Bengkulu earthquake sequence. a Coseismic deformation measured by the
Sumatran GPS Array (SuGAr) with black vectors showing horizontal and gray
vectors showing vertical™. Black contours show the coseismic rupture patch of the
2007 Bengkulu earthquake sequence from ref. 15, dark-reddish contour presents the
rupture patch of the 2010 Mw 7.8 Mentawai tsunami earthquake from ref. 37. The
red, orange and light-orange stars indicate the hypocenter of the 2007 event, 2010
event and 2008 Mw 7.2 South Pagai earthquake, respectively. Gray dashed line and

67

solid lines show the rupture patch of the 1797 and 1833 earthquake, respectively”’.

96°E 100°E 104°E

Orange circles show the seismicity following the 2007 event until the 2010 event; the
yellow circles show the seismicity between 2005 and 2007. b Postseismic deforma-
tion measured by the SuGAr following the 2007 earthquake until the 2010 event. The
black, blue and gray horizontal vectors show cumulative displacements in 1 month, 1
year and 3 years, respectively. Red vectors show vertical cumulative postseismic
displacements within 3 years. Orange circles are the same aftershocks in (a). QQ’ in
(a) is the location of the cross-section view for depth-dependent initial viscosity and
strain rate shown in Fig. 5. Seismicity (Mw >2.5) spans from 2000 to 2014 and is
retrieved from the USGS catalog. This seismicity is also shown in Figs. 2, 4-6.

Finally, the observed displacements are traditionally analyzed separately
by forward and/or inverse models, both of which have important limitations.
In the case of a forward model, an assumed earthquake source geometry is
used to predict the postseismic process given a set of assumed mechanisms
and mechanical properties of the fault and lithosphere” . The usefulness of
the recovered model is fundamentally limited by the fidelity of these
assumptions. In the case of inverse models, seismic and geodetic observations
are used to directly infer strain at depth in a kinematic fashion, requiring fewer
a priori assumptions but also providing less insight into the physical processes
at work'>"*****, An effective approach that integrates the merits of these two
techniques while avoiding their limitations is therefore needed.

Here, we present a new two-step hybrid method for reconciling geo-
detic observations with models that combines the forward and inverse
methods to take advantage of their relative strengths while minimizing their
defects. We demonstrate the method’s application by imaging the post-
seismic processes following the 2007 M,, 8.4 Bengkulu megathrust event,
Sumatra (Fig. 1) in unprecedented detail, and show how a specific pattern of
velocity-strengthening (VS) and velocity-weakening (VW) material on the
shallow fault likely contributed to the subsequent 2010 M,, 7.8 Mentawai
tsunami earthquake'***,

Results and discussion

Merging two perspectives

To uncover how and why the postseismic stress changes from the 2007
Bengkulu earthquake might have promoted occurrence of the 2010 Men-
tawai event, we developed a new method that combines the advantages of
the forward and inverse approaches conventionally used in postseismic
studies"**** through a Kalman filter approach”. The method is composed
of two steps: we first use coseismic stress changes to generate an initial
forward model prediction of afterslip and viscous strain that assumes simple
and uniform mechanical parameters for the fault and lithosphere. The initial

forward model is governed by simple velocity-strengthening friction on the
fault and a Burgers body viscoelastic flow law in the mantle (Methods).

The initial model poorly explains the observed postseismic deforma-
tion, so we feed the predicted fault slip and mantle strain as an initial guess to
a Kalman filter. The filter adjusts these predictions to better explain the
geodetic observations while considering uncertainties in both data and
model parameters” (Methods). The result is a model that explains the data
and sidesteps the resolution and smoothing issues faced by a conventional
inversion; furthermore, the final model can be used to directly investigate
the mechanical properties of the fault and upper mantle'*”.

Synthetic tests of this method with a dense observing network
demonstrate that it enables us to reconstruct the patterns of afterslip and
viscous strain following a large earthquake far more accurately than con-
ventional methods, even in the case of a highly spatially variable rheologic
structure (Supplementary Figs. 1 and 3). Tests using the Sumatran GPS
Array (SuGAr) network geometry show that the amplitude of afterslip and
strain are recovered best in areas with moderate or good geodetic coverage
(Supplementary Fig. 2a-d). The amplitudes of shallow afterslip and viscous
strain in the mantle wedge are slightly underestimated due to low data
resolution in these areas, but their overall patterns are well determined even
with the coarse network (Supplementary Fig. 2a-d). Consequently, the
method accurately delineates the afterslip boundary on the fault and locates
strain within the mantle, providing a new window into investigations of the
physical properties of fault zones.

Imaging afterslip process following the 2007 Bengkulu earth-
quake sequence

The M,, 8.4 Bengkulu earthquake and its M,, 7.9 & 7.0 aftershocks occurred
on 12-13 September, 2007 in West Sumatra, Indonesia (Fig. 1a, b). Within the
earthquake rupture region, coral microatolls captured the coseismic offset

and the SuGAr recorded both the coseismic and postseismic deformation**,
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Fig. 2 | Coseismic stress changes and afterslip estimates. a The coseismic stress
changes induced by the 2007 Mw 8.4 Bengkulu earthquake'*. b The estimated 3-year
cumulative afterslip on the megathrust with small gray vectors indicating the
direction. White vectors show the 3-year cumulative horizontal displacements

measured by the SuGAr, and black vectors show the model predictions. Colored
circles show seismicity between 2007 and 2011 from the USGS catalog. Rest of
rupture patches, vertical vectors in (a) and hypocenter of earthquakes (stars) are the
same as in Fig. 1.

The coseismic slip produced seaward motion and uplift of the forearc islands,
and subsidence along the Sumatran west coast (Fig. la). The postseismic
deformation is significantly different, with the majority of the vertical motions
reversed (Fig. 1b). Horizontally, the postseismic azimuths are different from
those of the coseismic offsets, and also vary significantly with time. The
coseismic slip is consistently estimated at depths of ~20-50 km'>***%***,
while postseismic slip may partially overlap the coseismic slip area'*".

We use a published coseismic slip model"* to provide our initial guess of
the Coulomb stress changes on the megathrust due to following reasons
(Fig. 2a). First, the coseismic GNSS offsets were retrieved from the catalog
that was derived through a self-consistent and comprehensive analysis
framework, which assures a higher accuracy in offsets estimates™; second,
the model was built assuming a 3D geometry based on the Slab 1.0 model*".
In this framework, the joint inversion with the coral microatoll data likely
estimates a coseismic slip model that should be closer to the actual slip that
occurred during the earthquake. While this model as with others'>******
suffers the loose constraints in the southern portion of rupture patch due to
lack of forearc island chain, which could introduce some uncertainties in the
slip, resulting in inaccuracy in stress changes that predict poorly fits with the
postseismic time series by using forward models. These uncertainties, in fact,
offer a great opportunity to test our new approach. The slip model yields a
stress increase surrounding the rupture patch and stress decrease within the
rupture area, with high-amplitude stress concentrations west of Pagai,
mostly updip and downdip of the high slip zones. These high stress regions
correlate with most of the early aftershocks on the fault. From 2007 to 2010,
the aftershocks migrate in space and time with some penetrating into the
coseismic rupture area (Fig. 2a, b). A notable feature is that a group of
aftershocks located in the stress concentration area west of Pagai migrate up-
dip toward the hypocenter of the 2010 Mentawai earthquake (i.e., dark green
to dark purple), illuminating how the pattern of stress-driven afterslip’***
propagated following the 2007 Bengkulu event (Fig. 2a, b).

We apply our two-step method to analyze the postseismic deformation
following the 2007 Bengkulu earthquake leading up to the 2010 Mentawai
event. We first conducted a series of model runs to fit the postseismic time
series as well as possible through model parameters tuning (Supplementary
Figs. 4, 5) to derive a forward model solution for time-dependent fault slip

and strain driven by the coseismic stress changes from our input coseismic
model® (Fig. 2a). Although it still poorly fits with the rapid deformation at
the early stage and amplitudes at many stations, it offers a sufficient solution
for next step (best model in Supplementary Figs. 4, 5). We then use these
solutions as an initial guess for the Kalman filter, which adjusts the slip and
strain patterns to better fit with the SuGAr time series, while considering the
data and model uncertainties (Methods).

To gain a comprehensive understanding about how coseismic slip
uncertainties affect the resultant afterslip and frictional properties on the
megathrust, we further conducted series of experimental tests. There are
some available coseismic slip models for the 2007 Bengkulu event. We
selected several typical well-established slip models that are constrained by
both geodetic and seismic data®, geodetic data’’ and geodetic joint with
tsunami waveforms™, respectively (Supplementary Fig. 6). The tests
demonstrate that the afterslip and its associated frictional-property esti-
mates are largely similar both in amplitude and pattern except for some local
detailed differences that are due to stress changes as the result of geometry
differences and lack of sufficient GNSS sites (Supplementary Figs. 6-8). In
summary, we conclude that the similar afterslip and frictional property
pattern are robust feature, and we select the coseismic model from ref. 15 for
the postseismic modelling due to its good fits with data, and its compatible
3D fault geometry with ours (Supplementary Figs. 6, 7a, 9 and 10).

Our final afterslip estimates are shown in Fig. 2b. In general, the
afterslip surrounds the rupture patch in response to the coseismic stress
changes. The afterslip distribution is broadly consistent with previous stu-
dies but differs in certain details of the spatial pattern'*'>*’. We attribute such
differences to the higher fidelity of our approach since we use the same
SuGAr data and similar fault geometry. Unlike most previous models, our
results match the SuGAr time series well for the whole postseismic period
considered (Fig. 2b and Supplementary Figs. 9, 10), while forwards do not
adequately fit with the time series (Supplementary Figs. 4, 5).

Anatomy of surface deformation contributed by afterslip and
viscous flow mechanisms

Our method allows us to disentangle the contributions to postseismic
deformation arising from fault slip and viscous strain in the oceanic and
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continental mantle (Fig. 3). In general, the filtered slip and strain predict a
similar surface deformation pattern to that predicted by the forward model
(Fig. 3 and Supplementary Fig. 11). Yet, the amplitude of surface defor-
mation from the afterslip is larger than that predicted by the forward model,
while that from the continental mantle is smaller (Fig. 3¢ and Supplemen-
tary Fig. 11c, d). Overall, the deformation caused by afterslip surpasses that
caused by viscous flow in the mantle, but both are required to generate the
observed postseismic deformation (Figs. 2b and 3e and Supplementary
Figs. 9, 10, 11e).

Deciphering the fault frictional properties and viscosity of

the mantle

Following ref. 19, we use our modeled afterslip to estimate the frictional
properties of the fault assuming it obeys a rate- and state-dependent fric-
tional law*™** (Methods). Our results indicate that the fault is characterized
by a heterogeneous distribution of frictional properties (Fig. 4a) similar to
those that controlled the 2010 M,, 8.8 Maule earthquake in Chile".
Although highly variable, the derived frictional properties explain inde-
pendent observations remarkably well. Almost all the precisely-relocated
aftershocks™ and aftershocks from USGS occurred in velocity-weakening
regions, with only a small portion in velocity-strengthening or velocity-
neutral areas, which may be driven by propagation of the afterslip around
small velocity-weakening patches that are too small to image (Fig. 4a).
Further, we note that large coseismic slip tends to occur in strongly velocity-
weakening areas while moderate coseismic slip tends to occur in velocity-
neutral or nearly velocity-neutral areas (Fig. 4a, b). Related to this obser-
vation, the southern deep portion of the 2010 rupture is characterized by
velocity-strengthening friction and slipped moderately (~2-4 m) during the
2010 earthquake, whereas the shallow portion that slipped heavily (>5 m)
and excited large tsunamis at Pagai’” is characterized by velocity-weakening
friction (Fig. 4a). The shallow velocity-weakening region extends further
north along the trench until the southern tip of Siberut but does not extend
south toward Enggano, where the shallow portion of the megathrust is
velocity-strengthening. A patchy distribution of frictional properties along a
fault, as observed here, results in mutual compensation of coseismic and
postseismic slip and suggests potential locations of future seismicity
(Fig. 4a). This finding is the quantitative manifestation of the depth-
dependent rupture model™*, and indicates that the shallow megathrust has
along-strike variations in frictional properties that could be used to antici-
pate future slip modes along megathrusts globally.

We also use our derived volumetric strain rates to estimate the initial
viscosity for the oceanic and continental mantle (Methods). Figure 5 shows
depth-dependent features along a cross-section through the maximum slip
region of the 2007 earthquake. We obtain localized strain rates and thus
viscosity variations that are significantly different from the uniform values
often assumed in forward models, a surprising result that is well resolved by
our data assimilation procedure (Supplementary Figs. 1-3). For instance,
along the forearc island chain and coastal region, the deformation is pri-
marily driven by afterslip and strain within the oceanic mantle (Fig. 5a).
Meanwhile, strain rates within the continental mantle wedge are high, but
contribute a much broader pattern of deformation with lower amplitude
(Figs. 3c and 5b). Still, a weak and deformable mantle wedge is needed to
compensate for the oceanic mantle and afterslip to explain the small uplift
along the coastal area (Figs. 3b—e and 5a). In general, we find that the
continental mantle is at least one order of magnitude weaker than the
oceanic mantle, with the highest strain rates corresponding to the mantle
wedge where slab dehydration and fluid release are observed at global
subduction zones'™” (Fig. 5).

Stress-driven and frictional-property-shaped aftershock
behaviors

The postseismic stress map (Fig. 6a) indicates that a majority of aftershocks,
especially those within or surrounding the 2007 rupture patch, likely
occurred in response to stress loading imparted by propagation of afterslip

on the fault (Figs. 2a and 6). Surprisingly, much of the deep portion of the
2010 rupture patch close to its hypocenter experienced a net stress release
from afterslip (blue areas in Fig. 6), though this area experienced coseismic
stress loading from the 2007 event (red areas in Fig. 2a). Our results suggest
that afterslip in this region propagated progressively up-dip to load the
shallow patch at the trench, accompanied by a migration of seismi-
city (Fig. 6).

The occurrence of deep slip and aftershocks following the 2010 event
(blue dots in Fig. 6) within the velocity-strengthening area inferred by our
model (Fig. 4a) is more difficult to explain®. The rate-and-state friction
model predicts seismic events can nucleate only on faults with velocity-
weakening friction, while in velocity-strengthening regions the fault should
creep aseismically**>. However, in addition to hosting aftershocks, this area
experienced afterslip from 2007 to 2010, and then slipped coseismically
during the 2010 event. This behavior is similar to what was observed in the
Nias segment where a large portion of the shallow megathrust slipped both
during the 1907 M,, 7.8 tsunami earthquake"’ and during afterslip following
the downdip 2005 M,, 8.6 earthquake™** (Fig. 7). If the rate-and-state
frictional model still applies in these places, we hypothesize that there may
exist a distribution of smaller velocity-weakening asperities within this zone
that are not resolvable by the geodetic data, but which could cause the
apparent overlap between the two modes of slip. In this case, the region
could undergo interseismic or postseismic creep but would remain partly
kinematically coupled, with some slip deficit available for release during the
2010 event'.

Frictional property implications for future shallow tsunami(genic)
earthquakes

In the area of the 2010 Mentawai tsunami earthquake, our results contrast
with the widely accepted notion that the shallow megathrust is velocity-
strengthening">*’. We observe regions of both stable and unstable frictional
properties within the rupture area (Figs. 4a and 7). The deeper velocity-
strengthening region allowed up-dip propagation of afterslip which pro-
gressively stressed the shallow velocity-weakening area and promoted its
ultimate rupture. This pattern of paired velocity-weakening and velocity-
strengthening friction likely made the Mentawai tsunami earthquake
possible.

A similar pattern of alternating frictional properties exists near Sipora
island in our model (Figs. 4a and 7) just up-dip of the famous Mentawai
seismic gap”’. In comparison between this patch and that holds the 2010
Mentawai tsunami earthquake, the surface geomorphology, fault structure,
fluid content and low friction are very similar**®*. As a result, this patch
holds the ingredients and now is stressed for a potential future afterslip-
triggered tsunami earthquake similar to the 2010 event (Fig. 6). On the other
hand, it could also potentially rupture together with the deeper locked
patches in a great earthquake, which would likely be tsunamigenic as well .
The question of which type is more likely may be addressable via dynamic
modelling’*" using our map of fault friction (Fig. 7) as an input. In either
case, our results suggest this area could pose a large tsunami potential** to the
populous city of Padang (Figs. 4a and 6).

South of the 2010 slip patch and updip of the 2007 main rupture at the
shallow trench, we obtain VS frictional properties that contrast to the patch
that was slipped heavily during the 2010 Mentawai event (Figs. 4a and 7).
The VS patch primarily conveys the afterslip following the 2007 Bengkulu
earthquake as the response of the stress changes (Fig. 2a). Unfortunately,
there are no GNSS stations offshore to constrain both the afterslip amplitude
and pattern, and thus the likely mechanical properties. Future seafloor
geodetic measurements will provide key constraints to resolve this uncer-
tainty. Structurally, on the other hand, the data demonstrate that the faults &
folds system in the accretionary wedge are quite similar to that of the shallow
megathrust that held the 2010 Mentawai tsunami earthquake”, conse-
quently, it has a possibility to rupture similarly as a tsunami earthquake™.
Indeed, a tsunami earthquake with Mw 7.3 recently occurred within this
segment in 2022°, suggesting that a small patch with VW frictional property
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Fig. 3 | Disentangling postseismic surface deformation contributed by afterslip
and viscous flow. a Slip and strain in view of 3D geometry of the fault and oceanic
and continental mantle. Colors on the fault show the estimated 3-year cumulative
afterslip, and on the strain volumes show the estimated 3-year cumulative strain
amplitude. Stars indicate the hypocenter of the 2007 and 2010 event as shown in
Fig. 1a, b. b-d The 3-year cumulative postseismic surface deformation that was
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caused by the oceanic mantle, continental mantle and afterslip, respectively. White
vectors show the 3-year horizontal cumulative postseismic displacements measured
by the SuGAr, and black vectors present the model predictions. Colored circles
present the 3-year cumulative vertical postseismic displacements measured by the
SuGAr with the background image showing the model predictions. e The predicted
total surface deformation from afterslip and viscous flow in the mantle.
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Fig. 4 | Depth-dependent and spatially variable frictional properties on the
megathrust. a Estimated velocity-weakening (blue) and velocity-strengthening
(red) frictional properties on the megathrust. Colored circles with black outlines
present the seismicity (Mw > 2.5) as shown in Fig. 2. Colored circles with white
outlines represent the relocated seismicity (Mw > 5.0) spanning from 1990 to
2017 studied by ref. 36. Black and dark-reddish contours show the 2007 and 2010
earthquake rupture patches, respectively, as shown in Figs. 1 and 2. Colored stars
indicate the hypocenter of these two earthquakes as shown in Figs. 1 and 2. Light-

gray contours and numbers present the slab depths from Slab 2*". Siberut, Sipora and
Pagai are forearc islands. b Depth-averaged afterslip, coseismic slip and frictional
properties on the megathrust. The pink shaded area indicates the range of frictional
properties at each depth. The range of frictional properties explains well the seis-
micity profile along depth as shown in (c). Seismicity is shown in (a). The VS and
VW represents velocity-weakening and velocity-strengthening friction, respectively.
The SW and UW stands for stable-weakening and unstable-weakening friction,
respectively. See UW and SW definitions in frictional properties section in Methods.

here is highly possible and a waking of follow up ruptures in the remaining
shallow megathrust may have started.

More broadly, in following work, our hybrid forward-inverse method
provides a blueprint for mapping the shallow frictional properties of a
megathrust, and the underlying viscous properties of the mantle, and is
ready to be applied to recent large earthquakes such as the 2014 M,, 8.3
Iquique earthquake in northern Chile, the 2020 M,, 7.6,7.8,and 2021 M,, 8.2
rupture sequence in Alaska®"*, and the 2022 M,, 7.6 Michoacan earthquake
in Mexico’” subduction zones. The stress changes induced by these earth-
quakes provide a unique opportunity to probe the shallow properties of the
megathrust and to assess the likelihood of future tsunami(genic) earth-
quakes nearby.

Methods

GNSS data

The Sumatran subduction zone has developed a forearc-island chain over
the seismogenic zone, on which the Sumatran GPS Array (SuGAr) is
located. The unique island chain enables geodetic observations very close to
the megathrust and allows us to clearly see how the fault slips throughout the
seismic cycle’**. These GNSS daily solutions were processed and modeled
with technique details given in ref. 28. The modeled coseismic offsets,
interseismic trend, annual and semi-annual seasonal signals were removed
from the original GNSS time series, isolating the postseismic deformation
time series. Such postseismic time series have been used to study postseismic
deformation processes following great earthquakes throughout the Suma-
tran subduction zone'****. Here, we use the same postseismic time series to
study the detailed postseismic-deformation processes of the 2007 M, 8.4
Bengkulu earthquake (Fig. 1).

Two-step hybrid postseismic modelling: a new approach

We desire to combine the merits of both stress-driven forward model and
inversion approaches while suppressing their defects to efficiently and
accurately model postseismic deformation. In our previous work, we find
that Kalman filter is powerful to invert the postseismic deformation time
series for afterslip on the megathrust and viscous strain in the mantle
wedge of the Sumatran subduction zone”. We therefore developed a new
Kalman filter-based method composed of two steps. First, we run a
friction-based postseismic forward model that is driven by coseismic
stress changes. This forward model provides a coarse prediction of
kinematic model parameters (i.e., fault slip and mantle viscous strain)
that poorly fits with postseismic time series. We then use this forward
solution as an initial guess for the predictions in a Kalman filter (Eq. (4),
ref. 27). The filter modifies these predictions to better explain the
observation while simultaneously considering uncertainties of the data
and model parameters (Eqgs. (3) and (5))**. In doing so, the forward
solution is adjusted as needed to fit the data without being heavily limited
by the resolution and smoothing issues faced by a conventional inversion,
enabling us to better resolve the spatially heterogeneous nature of the
physical properties in the fault zone.

This method sidesteps the most difficult problem in forward models
of postseismic deformation, namely the need to specify the initial stress
conditions which contain unknown coseismic and background stress
components. The coseismic stress changes may be relatively well-
determined by coseismic slip studies but still contain moderate uncer-
tainties. In contrast, the background stress is usually poorly known or
completely unknown, yet is very important especially when modelling
spatiotemporally clustered events”. Such unknown initial stresses
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Fig. 5 | Strain rate and initial viscosity in the
mantle along cross-section QQ’. a White vectors

(=]

(km)

show 3-year cumulative postseismic displacements,
red vectors show the afterslip contribution and blue
vectors show the viscous flow contribution. Gray
upright triangles mark the location of SuGAr net-
work. Colored blocks present the estimated initial
viscosity in the oceanic and continental mantle. A
similar setup shown in (b) but presents the esti-
mated initial strain rate in the mantle. Light-gray
contours show coseismic stress (MPa) with a 0.02

- Elevation

interval in the continental mantle and a 0.05 interval §,
in the oceanic mantle. The light-white dashed lines £ 1007
indicate the resolution value of each block with a 8
0.02 interval in the continental mantle and a 0.1 1507
interval in the oceanic mantle. Colored circles show 200 -

seismicity (Mw > 2.5) as those shown in

Figs. 2 and 4. Location of QQ’ is shown in Fig. la. 10
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X simultaneously deriving a more accurate model of the initial conditions
and rheologic properties of the fault zone. Of course, the more data sets
we have in the fault zone, the better these model parameters are con-

Z8 e % LS strained. At global subduction zones, majority of places are lack of
SEEnTEEETD forearc islands chain, therefore, the hybrid method has limits to resolve
the afterslip updip of the seismogenic zone. However, in places where the
Future tsunami seafloor geodetic observational system is well established at the shallow
earthquake? . .
trench e.g., Japan, Cascadia and also on continents where land-based
measurements are made available, the method has a large potential to
s gain useful insights into the mechanical properties of rocks in the
fault zone.
The Kalman filter is defined as follows:
-y
X = Fr_ 1%, + w_ 1
] S, k k—1%k—1 k—1 1)
Year 2008 2009 2010 2011
. Vi = Hexpe + yx @
6°S § Indian Ocean
98°E 100°E 102°E wy, ~ (0, Qk)
Fig. 6 | Postseismic stress and frictional property estimates on the megathrust fault. Ve ™ (O’ Rk)
Postseismic Coulomb stress characteristics on the megathrust. Black and pink stars
show the 2007 Mw 8.4 Bengkulu and 2010 Mw 7.8 Mentawai earthquake, respec-
tively. The orange contour presents the rupture patch of the 2007 event as shown in P, =F k71P;71F5_1 +Qp_;
Figs. 1 and 2; the pinkish contours show the coseismic slip with a 2-m interval of the
2010 event as shown in Fig. 4a. Circles show aftershocks (Mw > 2.5) color-coded by .
time as shown in Figs. 1, 2 and 4, previously. Circles with light-pink outlines show K, = P,:lH ,T (H kPI:IH ,{ + Rk) (3)
relocated aftershocks after the 2007 event from ref. 36. Inset shows postseismic
Coulomb stress at the large coseismic slip area of the 2010 event (two markers). xi =F,_, xl-:—l 4)
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Fig. 7 | 3D view of the estimated frictional prop-
erties on the megathrust and its implication for
future possible tsunami(genic) earthquake. Black
stars with white outlines show M,, >7 seismicity after
the 2007 event until May of 2023 from USGS catalog.
White stars with black outlines show the same
relocated aftershocks in Figs. 4 and 6 from ref. 36.
The shaded-black area in the north in Nias section
shows the shallow megathrust area that slipped
coseismically in 1907 M,, 8.2 tsunami earthquake*’
and experienced afterslip following the 2005 M,, 8.6
Nias-Simeulue earthquake™*.
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X =xg + K (e — Hex) (5)
P = (I - K H,) Py

Where k is the current time epoch, x;, is the model parameters (i.e., slip and
viscous strain), F;_, is the system or transition matrix; w,_, and y,_, are
white noise processes, zero-mean, uncorrelated, and have known covariance
matrix Qy, Ry, respectively. H; represents the measurement matrix, y,
represents the available measurements (i.e., GNSS, InSAR or other post-
seismic displacements) at time epoch k. PkJr_1 represents the measurement-
updated covariance matrix of the model parameters at time step k — 1, P!
is the covariance matrix prediction for time step k, x;__, is the filtered model
parameters at time step k — 1, x;_ is the predicted model parameters at time
step k, x;” is the measurement-updated model parameter estimates at time
step k. During the update step, we regularize the strain similarly as in
previous studies'”.

Synthetic tests

We conducted a series of synthetic experiments to validate this method.
Instead of using a simplified setting that fails to represent the complex
nature of typical subduction zones, we used the setting of the 2007 M,, 8.4
Bengkulu rupture segment in the Sumatran subduction zone for all the
synthetic tests. We created synthetic surface displacements predicted by
forward models using spatially variable rate-strengthening frictional prop-
erties, defined as follows:

AT

v = 21/0 sinh (m) (6)

Where v represents slip rate on the fault; v, is the reference slip rate; At
presents the stress perturbation due to the earthquake, which is slowly
relaxed during postseismic process; (a — b) is the frictional properties of the
fault; o is the effective normal stress”*”'. The mantle lithosphere obeys a
viscoelastic Burgers rheology below the elastic layer*>"".

The synthetic displacements, slip and strain are used for filtering and
comparison in the following experimental tests. The first test involves a
dense synthetic network that contains 113 GNSS stations (~120 km inter-
val). The results show that the method excellently reconciles the postseismic
deformation pattern (e.g., directions and amplitudes), afterslip on the fault

and viscous strain in the mantle (Supplementary Fig. 1). In contrast, a typical
forward model fails to reconcile the afterslip on the megathrust, resulting in
underestimates of slip amplitudes and thus moment magnitude (Supple-
mentary Fig. 1).

In the second test, we used the actual SuGAr network, including 18 sta-
tions along the 2007 Bengkulu rupture segment (Supplementary Fig. 2). In
general, our model reconciles the displacements, slip and strain remarkably
well at places where the displacements are large and the GNSS stations are
relatively dense. At other places with limited station density, the shallow
afterslip and viscous strains near the trench and deep in the lithosphere are
slightly underestimated in amplitude (Supplementary Fig. 2a-d). These
underestimated signals are either too far or too deep to be felt by the SuGAr
stations, but could be captured by the filter with the noise model, thus pro-
ducing limited and minor opposite displacements due to viscous flow in the
oceanic mantle. In addition, the boundary effect of the strain volume mesh at
the trench (Fig. 2a and Supplementary Figs. 1a-3a) also contributes some
opposite motions due to viscous flow in the oceanic mantle (Supplementary
Fig. 11a). But fortunately, they produce tiny surface displacements that only
introduce minor trade-offs between afterslip and viscous flow by increasing
subtle levels of slip magnitude at the bottom of the fault in between Sipora and
Pagai (Supplementary Fig. 2a-d). Consequently, except for such minor
underestimates, the spatial location of the afterslip and viscous strain are well
delineated on the megathrust and placed in the mantle, respectively. In con-
trast, the conventional forward model can estimate the spatial pattern fairly
well, but largely underestimates of the afterslip magnitude, resulting in poor fits
to data and a lower moment magnitude (Supplementary Fig. 2a, b, e, f).

In the final test, we introduce a challenge by adding a localized weak zone
with low viscosity downdip of the fault in the mantle wedge. Our results show
that the new method fits the data well and can remarkably reconcile both the
amplitude and spatial pattern of slip and strain with minor underestimates in
amplitude at places where the data are relatively sparse (Supplementary
Fig. 3a-d). Conversely, the forward model again fails to reconstruct the het-
erogenous pattern in both slip and strain, with significant underestimates of
both slip and strain, resulting in poor fits to the data (Supplementary Fig. 3a, b,
e, f). In summary, we conclude that the new method is powerful and able to
accurately delineate both the afterslip boundaries on the fault and place the
strain in the mantle at the right locations. This approach provides a new
window into previously unresolvable patterns of spatiotemporal postseismic
deformation and the frictional properties, stress evolution, and heterogeneous
material properties of the crust and lithosphere.
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Application to observed GNSS data

Following the synthetic tests, we apply the method to the observed SuGAr
postseismic deformation time series to uncover the nature of the afterslip on
the megathrust and viscous strain in the mantle at the Mentawai segment of
the Sumatran subduction zone following the 2007 M, 8.4 Bengkulu
earthquake. We used a well-defined coseismic slip model constrained by
joint inversion of GNSS and coral microatoll data' to calculate the initial
stress changes (Fig. 2a) for driving the postseismic process using
Unicycle'””. The afterslip is assumed to obey a rate-strengthening frictional
law (Eq. (6))°**"***, and the viscous flow in the mantle is assumed to obey a
flow law with the Burgers rheology”*', using uniform parameters as in the
synthetic case. During model runs, we first fixed the frictional properties
(Supplementary Figs. $4, S5, model 1), and then tuned the viscosity of the
Burgers body to fit with the postseismic time series measured by the far-field
JMBI and NTUS stations, as they were mainly affected by the viscoelastic
deformation; we then fixed the Burgers body, and tuned the frictional
properties to fit with all the time series as well as possible; we stopped tuning
the frictional properties (Supplementary Figs. $4, S5, best model) if further
tune on frictional properties will overestimate the displacements field
(Supplementary Figs. 4, 5, model 2). We then used the final-tuned forward-
model solution (Supplementary Figs. 4, 5, best model) as the initial guess in
the Kalman filter prediction step. The filter updates these solutions to fit the
SuGAr postseismic time series. Our filtered afterslip model is shown in
Figs. 2b and 3a, and viscous strain is shown in Fig. 3a, respectively. The
method results in a reasonable model solution which matches the SuGAr
time series very well for the whole time period considered in the modelling
(Supplementary Figs. 9, 10). The results indicate that the edges of the region
which slipped coseismically in 2007 continue to slip moderately (Fig. 2b),
indicating that the typical assumption that the coseismic slip region should
not be allowed to undergo afterslip fails in this case. Further test shows that if
the coseismic slipped region is fixed to not slip postseismically, the afterslip
amplitude is overestimated to poorly fits with the postseismic time series
(Supplementary Fig. 12).

Frictional properties

We estimate the frictional properties on the megathrust fault following
ref. 19. In this case, the afterslip obeys the rate-and-sate frictional law under
steady state as follows.

dACFS

(a—b)o, = dlog(V)

@)

Where ACFS stands for the Coulomb stress changes on the creeping fault
element; V presents the steady-state sliding rate; o,, is the effective normal
stress; (a — b) is the rate-and-state frictional properties on the fault and
defines the fault behavior. If (a — b) >0, the fault material is velocity-
strengthening and slides stably and aseismically (i.e., creep and afterslip).
Conversely, if (a — b) <0, the fault is characterized by velocity-weakening
friction (VW) and potentially seismic (i.e., frictional instabilities may
nucleate). A VW condition on the fault is necessary for earthquake
nucleation; however, it is insufficient to fully predict slip behaviors because a
VW material can slip stably (i.e., no earthquake nucleation) under certain
circumstances, instead demonstrating complex characteristics ie., low-
frequency earthquakes, slow-slip events and participation in coseismic slip
that initiates elsewhere™. We refer to such material as stable weakening
(SW) and for material that is both VW and unstable as unstable
weakening (UW)".

Initial viscosity

The new method allows the model to match the data well for the whole time
period of the SuGAr data (Supplementary Figs. 9, 10). In particular, the early
rapid deformation curvature is well captured by our model, which allows a
precise estimation of the large strain rate immediately after the earthquake.
We use the coseismic stress (A7) (Fig. 2a) divided by the initial strain rate (¢)
(Fig. 5b) for calculating the initial viscosity 77 = 4% and show the depth-

dependent viscosity in cross-section through the slip maximum of the 2007
Bengkulu event in Fig. 5a.

Data availability
All the daily RINEX files of SuGAr network analyzed in this paper are
included and can be downloaded from ftp://eos.ntu.edu.sg/SugarData.

Code availability

Unicycle software used for forward prediction of the fault slip and strain is
available at https://bitbucket.org/sbarbot/unicycle. All figures were prepared
using version 6.3.0 of Generic Mapping Tools®, available at https://docs.
generic-mapping-tools.org.
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