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Larger tsunamis from megathrust earthquakes
where slab dip is reduced

Bar Oryan® > and W. Roger Buck

A subset of megathrust earthquakes produce anomalously large tsunamis for their magnitude. All of these recorded ‘tsunami
earthquakes’ in the past 50 years had extensional aftershocks in the upper plate. These include the two largest and most
destructive earthquakes of that period, the 2004 Sumatra-Andaman and the 2011 Tohoku events. Evidence from the region of
Tohoku indicates that normal fault slip in the upper plate during the earthquake may have contributed to the tsunami size. Here
we present a numerical model that shows how a reduction of the dip of a subducting slab, on a timescale of millions of years,
can result in an extensional fault failure above a megathrust earthquake on timescales of seconds to months. Slab dip reduction
bends the upper plate so that the shallow part fails in extension when a megathrust rupture relieves compressional stress. This
results in a distribution of extensional aftershocks comparable to that seen above the Tohoku megathrust. Volcanic arc migra-
tion and uplift data for Tohoku and several other tsunami earthquakes is consistent with slab dip reduction. The collection of

more such data might identify other areas of tsunami hazard related to slab dip reduction.

M,,9.1 Tohoku tsunami earthquake off the Pacific coast of

Japan' defied conventional wisdom in a number of ways.
Seafloor displacement measurements for this earthquake are con-
strained by multibeam bathymetric surveys*, cabled ocean-bottom
tsunami sensors’ and land-based and seafloor geodesy**, and sug-
gest that maximum displacements of ~60 m occurred close to the
ocean floor at the trench'”-'°. This ‘slip to the trench’ behaviour was
not expected, as it is believed that the shallow portion of the subduc-
tion interface is frictionally stable so that little stress would accumu-
late over the period between great earthquakes''-". Typically, the
greatest amount of displacement for megathrust earthquakes is con-
centrated between depths of ~15 and ~35km™.

The propagation of the Tohoku megathrust rupture all the way
to the surface contributed significantly to a tsunami* that resulted
in a large number of fatalities and the costliest natural disaster in
history'®. Based on seafloor mapping and geodesy**’, this shallow
megathrust slip appears to be related to coseismic slip on a major
normal fault with a breakaway about 50 km west of the Japan Trench,
where fresh fault scarps and hydrothermal activity were observed
after the main earthquake'®. Multichannel seismic data indicate that
this normal fault has been active for millions of years'.

Postseismic extension of the plate above the Tohoku megath-
rust produced a wide region of normal faulting earthquakes. For
about 6 months after the Tohoku mainshock, nearly 2,000 after-
shocks were recorded, most of which were extensional and located
in the upper plate, up to 230 km west of the trench and to a depth
of ~30km (refs '*?) (Fig. 1). Moreover, borehole stress measure-
ments”’ and stress tensor inversion of the foreshocks'® suggest that
preceding the megathrust event the maximum compressive stress
(0,) was oriented in the direction of plate convergence. After the
megathrust, the minimum compressive stress (o;) was pointing
in the direction of plate convergence'®. Such a radical change in
the stress field after a megathrust event had not been seen before
and, combined with the observation of slip to the trench, sug-
gests a nearly total stress drop on the megathrust during a great

21,22

earthquake’

| he unparalleled data collected before, during and after the

The 2004 M, 9.2 Sumatra—Andaman earthquake”*, the stron-
gest earthquake in the past 50 years, ruptured over a 1,300km long
section of the Sunda subduction system, and reached displace-
ments of up to 20 m. As for the Tohoku, event this earthquake pro-
duced extensional aftershocks in the plate above the subduction
interface as well as an extremely large tsunami, which made it a
‘tsunami earthquake’.

A ‘tsunamigenic earthquake’ is any earthquake that produces a
tsunami. In contrast, a tsunami earthquake produces a larger than
expected tsunami for its surface wave magnitude®. Most megath-
rust earthquakes are not associated with extensional upper plate
aftershocks. However, all tsunami earthquakes since the 1970s
had extensional aftershocks in the upper plate’*” (Fig. 2). Seismic
data from earlier tsunami earthquakes may lack the required res-
olution to accurately locate and define the mechanism of upper
plate aftershocks.

The upper plate extension in areas of plate convergence is surpris-
ing, and the association between normal faulting and tsunami size
has led to discussion into the ways that such deformations caused.
Two ideas for upper plate extension are based on the concept of a
total stress drop on the subduction interface. Several authors sug-
gest that complete weakening of the megathrust may produce an
inertial ‘overshoot’ of the upper plate that puts it in extension"*.
However, an overshoot of 60 m could produce an average strain of
~3x107* over a 200 km wide region to produce roughly 10 MPa of
extensional stress (Supplementary Table 4). Given the lithostatic
stresses prior to the earthquake, this would be enough to drive nor-
mal fault slip to about 1km in depth (assuming normal friction and
zero cohesion”), rather than to the >20km depths observed. The
alternative idea that gravitational potential energy drives normal
faulting® requires nearly zero strength on those normal faults™".

Upper plate extension due to slab dip reduction

Here we consider how bending may drive slip on strong normal
faults in the upper plate of a subduction system. Bending is the
accepted way to explain the frequently observed extensional earth-
quakes and surface-cutting normal faults seen for the lower plates
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Fig. 1| Foreshocks and aftershocks for the Tohoku and Sumatra-Andaman megathrust earthquakes. Beach balls represent extensional (blue), strike-slip
(green), compressive (red) and other types of focal mechanism (black) earthquakes. a, Upper plate Tohoku foreshocks. b, Upper plate Tohoku aftershocks
over six months. The solid red line marks the Japan Trench. The red dashed line denotes the location of the profile shown in ¢ and d. ¢,d, Profiles of the
distribution of the upper plate Tohoku foreshocks (€) and six months of aftershocks (d) with depth. Black triangles indicate the location of the trench.

e, Three months of aftershocks following the Sumatra-Andaman event (marked by a large black beach ball). Panels a-d adapted with permission from

ref. '8, Elsevier, and panel e with permission from ref. %, Elsevier.

of subduction systems®. The lower plate bends as it plunges into
the Earth’s interior. However, the cause of upper plate bending and
extension is not obvious.

Reduction in the dip of a subducting slab should gradually bend
the upper plate so that its top yields in extension'*****. We postu-
late that extensional aftershocks can result from the interaction of
stresses produced by such bending on a geological timescale with
stresses that vary through an earthquake cycle (Fig. 3). During an
interseismic period, when the fault is locked, build-up of shear
stress along the subduction interface results in horizontal compres-
sion through the upper plate. Continued plate bending during the
interseismic period adds extensional stress at a slower rate than
the compressional stress build-up due to convergence. Dynamic
weakening of the subduction interface during a major earthquake
relieves shear-related compressional stresses®. This allows upper
plate normal fault slip that releases the elastic bending stresses that
accumulated during the interseismic period.

320

Long-term stress changes due to upper plate bending
To test this concept, we simulated both the long-term evolution of
a subduction system and the short-term release of stresses during
and after an earthquake. We used the Fast Lagrangian Analysis of
Continua (FLAC) solution for momentum conservation®. This
code is capable of simulating elastic, viscous and plastic deforma-
tion, all of which are pertinent to our conceptual model. FLAC
has been used to model the long-term development of subduction
zones”, as well as in models that include long-term and short-term
processes that affect earthquake cycles™. As in other models of
earthquake cycles on subduction zones*, we used time steps on the
order of years to simulate subduction evolution and time steps on
the order of seconds for coseismic deformation. The Methods sec-
tion describes our numerical approach in detail.

Gradual changes in the slab dip angle are induced by changing
the velocity of the asthenosphere relative to that of the upper plate.
We considered three different histories of dip change. The top row
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Fig. 2 | Plot of tsunami magnitude (M,) versus surface wave moment
(M,) for earthquakes that generated tsunamis. The triangles indicate
earthquakes in the region of Japan that generated tsunamis but did not
meet the definition of a tsunami earthquake (data from ref. ). Circles
are earthquakes that meet the seismic spectral definition of tsunami
earthquakes'*?°. Tsunami earthquakes with extensional upper plate
aftershocks or insufficient seismological data to identify the upper plate
aftershocks are denoted by a black or cyan fill, respectively. A magenta
fill denotes earthquakes that are consistent with the migration of the
associated volcanic arc, which indicates a slab dip decrease. The orange line
denotes the linear relation of M,=M, + 0.5 (see Methods, Supplementary
Table Tand Supplementary Section 1). Values are unitless numbers.

of Fig. 4 shows the thermal and stress fields after 260 km of conver-
gence when the deeper mantle (asthenosphere) was fixed relative
to the upper plate (constant dip angle case). For the other two cases
shown in Fig. 4, 100km of convergence was accumulated before
the velocity of the asthenosphere was altered. To impose a decrease
(increase) in the dip angle we forced the asthenosphere to migrate
in the same (opposite) horizontal direction as the downgoing plate
(Fig. 4). The middle row shows the results after a 3° increase in
the slab dip angle and the bottom row shows results for a similar
decrease in slab dip.

The results show that the upper plate stress state depends
strongly on whether and how the slab dip changed. In the case of
a progressive increase in slab dip (middle row in Fig. 4), the top of
the upper plate is put into compression as the upper plate is bent in
a concave-up sense. In contrast, a progressive decrease in slab dip
(lower row in Fig. 4) leads to a broad and deep region of extensional
stresses due to bending rather than other reasons® (Supplementary
Section 2). These stresses are sufficient to cause brittle yielding of
a broad shallow region of the upper plate. Moreover, dip decrease
(increase) results in far-field compression (extension).

The topography of the upper plate was strongly affected by the
imposed boundary conditions related to slab dip changes. The
increase in slab dip shown in the middle row of Fig. 4 led to subsid-
ence of a few kilometres in the central part of the plate above the
subduction interface. The slab dip decrease indicated in the bottom
row of Fig. 4 produced a similar magnitude of uplift of that region.

Short-term stress changes to the upper plate after a
megathrust event

To illustrate the stress changes during an earthquake cycle for the
dip decrease case we considered changes in Coulomb stresses”, a

Fig. 3 | Cartoon showing the effect of decreasing the subducting slab dip
angle on upper plate bending, and the location of the volcanic arc. Blue
beach balls indicate extensional aftershocks after a megathrust rupture

on the interface, indicated in red. Blue arrows signify extensional bending
stresses. The red dashed lines denote the location of normal faults.
Question marks denote the possible location of a normal fault in the upper
plate. White arrows indicate the direction of fault slip. Cones represent the
location of volcanic arcs (red dashes on the left show the active arc).

measure of how close a fault is to frictional slip. The Coulomb stress
is defined as the shear stress on a fault minus the shear stress needed
for Coulomb failure (Methods). Figure 5a shows the Coulomb stress
for ideally oriented fault planes (that is, with the largest values of
Coulomb stress) at the end of a geologically long period when the
subduction interface was taken to have zero strength. The dark blue
zone in that figure, where the Coulomb stress is zero, is at the point
of failure, or yield, in extension. Convergence for 1,000 years at a
rate of 10 cmyr and with the megathrust locked pushes the exten-
sionally yielding area of the upper plate away from failure, as shown
by the change in Coulomb stress shown in Fig. 5b. The release of
compressional stress when the megathrust is unlocked causes a
large region of the upper plate to fail in extension (Fig. 5¢,d). An
‘aftershock’ was plotted for each element that reached extensional
fajlure and accumulated plastic strain for multiple time steps. For
cases without reduction in slab dip, the numerical models did not
predict extensional earthquakes in the upper plate during an earth-
quake cycle, as shown in the Supplementary Information.

The model includes both inertial and gravitational stress changes
and complete weakening of the megathrust during a model earth-
quake. Thus, our results cast doubt on the idea that a complete
megathrust stress drop alone (that is, without dip reduction) pro-
duces extensional aftershocks due to either stress rotation®-** or
inertial overshoot* unless the upper plate faults are extremely weak.

Our results demonstrate that a reduction in the dip of a subduct-
ing slab can produce an extensional stress state in the upper plate of
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Fig. 4 | Snapshots showing how slab dip changes can alter the upper plate stress state. The top row is for a relatively constant dip angle, the middle

row for about a 3° increase in the slab dip angle and the bottom row shows an about 3° decrease in the slab dip angle. a, The conceptual model that links
slab dip changes to bending of the upper plate and to the position of the volcanic arc (red arrow shows the active arc). Black and white arrows denote the
boundary conditions used to induce the dip angle changes and subduction convergence, respectively. Brown arrows denote the resulting movement of the
plates. b, Temperature in the numerical model. Black lines denote the 250 °C contour. The cyan box represents the area of the stress difference (horizontal
minus vertical) cross-sections in €. Magenta denotes the subduction interface with plastic strains higher than 1.
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Fig. 5 | lllustration of stress changes through an earthquake cycle for the
slab dip reduction case. a, Full Coulomb stresses on ideally oriented fault
planes just before the interface is locked (zero indicates fault at failure).
Coulomb stress is the shear stress on a fault minus the shear stress needed
for brittle failure. b, Coulomb stress change from the beginning to the end
of the 1,000 yr locked period. €, Coulomb stress change from the end of the
locked period to an hour after the megathrust event. White circles indicate
extensional aftershocks. d, Extensional aftershocks within 30 days of the
megathrust event. Magenta denotes the subduction interface with plastic
strains higher than 1. The animation in Supplementary Video 1illustrates
the Coulomb stress change and extensional aftershocks with time.
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a subduction system. Furthermore, we show that locking of a sub-
duction interface during the interval between great earthquakes can
suppress the extensional brittle yielding of the upper plate. Dynamic
weakening along the entire megathrust can then lead to extensional
aftershocks over a broad region of the upper plate. For a case in
which the upper plate has a lithospheric thickness of ~70km, the
model generated extensional aftershocks over a region 160 km wide
and 20km deep, dimensions comparable to those observed after the
Tohoku earthquake.

Comparing model results to geological observations

Two lines of evidence suggest an ongoing reduction of the dip of the
slab descending at the Japan Trench: arc migration and long-term
uplift of the upper plate. The strongest evidence derives from dating
past positions of the volcanic arc on Honshu. The position of the
arc is thought to reflect the depth at which water is liberated from
the downgoing slab that produces a partial melt in the hot mantle
wedge that rises vertically to build a volcanic arc*’. Migration of the
arc away from the trench would then indicate a reduction of the
slab dip. Geological data demonstrate that the volcanic arc moved
trenchwards through the mid-Miocene and that it started migrating
away from trench sometime in the past 20 Myr* (Fig. 6a).

Further support for the change in slab dip angle comes from bore-
holes drilled in the upper plate west of the Japan Trench*. Upper
plate subsidence curves constrained by foraminifera assemblages
and corrected for sediment compaction and loading were calculated
for Deep Sea Drilling Project sites 438/439 at about 110 km from the
present-day trench* (Fig. 6b). These curves show subsidence from
about 25million years ago (Ma) to about 4Ma followed by uplift
for sites 438/439. These sites are north of the Tohoku rupture area,
but they constitute the best constraints available on long-term upper
plate subsidence and uplift trends.

We simulated a period of rapid slab dip increase followed by
a period of dip reduction. We used the same ratio of subsidence
to uplift duration as was observed at sites 438/439. The modelled
upper plate subsidence trend and changes in dip angle are consistent
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Fig. 6 | Evidence of slab dip reduction over time at the Japan and Java Trenches where tsunami earthquakes have occurred. a, Map showing the location
of the volcanic arc on Honshu at three times, as indicated by coloured and numbered lines: ~30 Ma (1, orange), ~20 Ma (2, black) and present (3, brown)*>.
Dots indicate arc volcanoes. The locations of drill sites used to constrain subsidence and uplift are shown in black. The magenta line denotes the location

of the trench. The dashed yellow contours denote the inferred slip in metres for the Tohoku Earthquake®. b, The blue shading denotes the possible
subsidence solutions for sites 438/439 at a distance of 110 km from the trench“*. The solid red curve denotes the subsidence computed by our model

at the same position. Blue dots with error bars show the estimated change in slab dip relative to the present dip based on the position of volcanic arc*®
(see Methods). The dashed red line shows the change of the dip angle of the numerical model. €, Map showing the locations of the Java 1994 and 2006
tsunami earthquakes (black beachballs) and roughly 4 months of extensional and compressional aftershocks as indicated by blue and red beachballs,
respectively. The locations of the volcanic arc in Java at two different times are indicated by coloured and numbered lines, ~20 Ma (1, orange) and present
(2, black)*°. Inset: The red box shows the location of the main map. Panel ¢ adapted with permission from ref. %, Elsevier.

with those observed (Fig. 6b). There is a particularly good cor-
relation between the uplift observed at sites 438/439 since ~4 Ma
and the uplift generated by the numerical model. Sites C0020, 584
and Sanriku show subsidence for the period in which uplift
occurred for sites 438/439*. Our numerical model captured this
behaviour as it shows the maximum uplift at a distance of about
150km from the trench along with subsidence closer and further
away from the trench (Supplementary Fig. 3). Upper plate stresses
far from the trench (600 km away in the model) are also consistent
with observations. During the period of slab dip increase the model
far-field stresses are extensional and consistent with the opening
of the Sea of Japan. During the slab dip decrease these stresses
are compressional (Supplementary Fig. 1), which agrees with the
transition to thrusting across much of Honshu and into the Sea of
Japan*. This model sequence also produces normal aftershocks in
a region comparable in dimension to those observed following the
Tohoku earthquake.

Extensional faulting in a region of plate convergence has added
fuel to the debate over the strength of faults. These faults are sug-
gested to be so weak that they can slip at stresses as small as a
few MPa'®*"* This conflicts with observations from lab measure-
ments of fault properties and stresses in boreholes from around
the globe, which indicate most faults are far stronger*. Our model
predicts that the upper plate above the Japan megathrust is strong
and subject to large (>150 MPa for the deeper aftershocks) exten-
sional stress differences. Testing this requires drilling to a depth
of at least 2km.
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As was shown before, slab dip reduction produces both bend-
ing and uplift that act to produce extensional stresses in the upper
plate above a subduction interface. Some of the largest modelled
extensional stresses occur in a similar location, relative to the
trench, as the major normal fault that was active during the Tohoku
earthquake and that may have contributed to the tsunami size'®".
Although our present model does not consider an existing nor-
mal fault in that location, it suggests why such a fault might slip
if a megathrust event causes dynamic weakening of the interface.
Such interface weakening has been called on to allow gravitational
stresses to produce slip on such a normal fault, as long as that fault
is very weak®. The present model suggests how normal faults that
are too strong to fail due to gravitational stresses alone could be acti-
vated at subduction zones with a history of decreasing slab dips,
which increases the tsunami risk.

To further validate our model, we examined all the published data
on arc migration and upper plate uplift for regions in which exten-
sional aftershocks were observed following tsunami earthquakes.
The direction of arc migration is only documented for three regions:
Nicaragua (1992)", Java (1994 and 2006; Fig. 6¢) and Japan (1896
and 2011; Fig. 6a). For these cases arc locations are consistent with
slab dip reduction. The only available long-term uplift data for the
region of extensional aftershocks associated with a tsunami earth-
quake are the data discussed above for the Japan trench. Data regard-
ing uplift on the timescale of millions of years are hard to obtain as
this requires drilling in the upper plate. Collecting such datasets in
other regions has the potential to better estimate the tsunami hazard.
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Methods
Compilation of seismic and tsunami data for different Tsunamigenic
and Tsunami earthquakes. The data used to make Fig. 2 is based on two
definitions of tsunami earthquakes. Tsunami earthquakes were first defined
by Kanamori*® who identified two relatively small earthquakes that produced
extremely large tsunami heights. This definition and subsequent refinements
of it concluded that a tsunami earthquake is one that radiated more seismic
energy at low frequencies compared to those of normal earthquakes'***'. The
earthquakes denoted by circles in Fig. 2 are those that meet the seismic definition
of tsunami earthquake'’.

A tsunami earthquake can also be defined by correlating the magnitude of
an earthquake to its resulting tsunami. Satakei and Tanioka™ defined a tsunami
earthquake as one that meets the criterion:

M >M; + 0.5 (1)
Tsunami magnitude was defined by Abe*:

M; =logD +logA + 5.8 (2)

where D is the maximum crest or trough amplitude of the tsunami waves in metres
measured by tide gauges and A is the distance in kilometres from the earthquake
epicentre to the tide station.

Numerical model set-up. To test how changes in the dip of a subducting slab
could affect stresses through an earthquake cycle, we used a two-dimensional
explicit numerical code that incorporated the FLAC solution for momentum
conservation®. A detailed description of the method applied to long-term
geodynamic problems can be found in the literature for previous models***. The
advection and diffusion of heat used here are described by Lavier and Buck™.

Many codes used for geodynamic models treat only viscous and brittle
(or plastic) deformation. FLAC, however, includes elastic, viscous and plastic
deformation. The inclusion of elasticity allows us to treat deformation on both
geological timescales (on the order of millions of years) as well as coseismic
timescales (on the order of seconds) in the same model. This is not the first time
that FLAC has been used to investigate long-term stress build up with short-term
processes that relieve stresses. Examples include magmatic dike intrusions™ and
earthquakes cycles™.

FLAC has been also used to model long-term subduction evolution. To do that
we followed the approach, geometry and boundary conditions used by Hall et al.””
and Gurnis et al.”. A 1,200 km wide and 500 km deep domain with three different
rheologies was used here. In the model, 8 km of ‘oceanic’ crust overlies the mantle
on the right half of the domain and 25km of ‘continental’ crust is assumed for the
top of the left half of the domain (Supplementary Table 4). The initial temperature
structure of the shallow ‘lithosphere’ is taken from a half-space cooling model for
an oceanic plate 100 Myr old.

We treated viscoelastic plastic deformation with viscous flow described by a
non-Newtonian temperature- and pressure-dependent flow law:

E+ PV
RT

i = Ao” exp< 3)

with strain rate &, preexponential factor A, stress o, stress exponent #, gas constant R,
activation energy E, pressure P, temperature T and activation volume V**.
Brittle failure was computed assuming the Mohr Coulomb failure criteria:

t=floa—p)+C (4)

where 7 is the shear stress, f the friction coefficient, o, the normal stress, p the pore
pressure and C the cohesion”. The cases described in the main text are for models
with the hydrostatic pore pressure simulated by lowering the friction coefficient, as
indicated in Supplementary Table 4.

The friction coefficient and cohesion were defined to linearly decrease with
increasing plastic strain, €, as has been done in many previous models of faulting
in which faults are approximated by zones of strain localization®. The friction
coefficient for an element is a function of the plastic strain there:

flep) =fi+ (h = fi) (ep/ ) ()

where f, is the reference value at zero plastic strain and f, is the value for €, > Ae
(Aeis set to 1). Cohesion is assumed to follow the same relation with freplaced
by C. Minimum possible values for f and C were set to zero. The viscous, elastic
and plastic properties we used are listed in Supplementary Table 4.

As our code treats both viscous and elastic deformation, two criteria have to
be checked to ensure numerical stability. (1) Time steps must be smaller than the
Maxwell time for viscoelastic deformation. We do not allow effective viscosities less
than 10" Pa, and thus the minimum Maxwell time is about 10yr. (2) The time step
has to be less than the time required for propagation of elastic deformation half
a grid space. This is proportional to the grid spacing divided by the elastic wave
speed. A 2km grid spacing and a wave speed of ~ 10km ™! yields a time step under
a second.
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To consider subduction on a time scale of millions of years using such a small
time step would require inordinate computation times. To overcome this problem,
we followed Cundall* and decreased the model elastic wave speed. Using this
approach other groups have shown that setting the wave speed to be ~10° times
the boundary velocity gives results that do not depend significantly on the time
step and this speeds up calculations by more than a million times***'. We used
the same time step (~0.5yr) both for the development of the subduction system
over millions of years and for the 1,000 yr-long interseismic period (the assumed
time between earthquakes that involve a complete loss of stress on the subduction
interface) when the interface is locked.

As in previous subduction models”, the initiation of subduction requires
‘seeding’ an area of weakness in the centre of the domain while the oceanic plate
is pushed from the side. As f, and C, are both set to zero, the initial seed evolves
into an area of high plastic strain that forms a weak subduction interface. As in
earlier models of strain localization, the region of weakness is about three elements
wide”. The interface shape and depth change with time according to the imposed
boundary conditions.

Subduction is driven by a constant horizontal-velocity boundary condition
on the vertical side (left side=0cmyr, right side=10cmyr™) of the
lithospheric plates (white arrows in Fig. 4). We set the boundary conditions
to guarantee mass conservation and a free surface to accurately track the
topography. The base of the domain is a Winkler foundation® and the sides are
shear stress free.

Changes in the dip of the subducting plate may be caused by several factors,
some of which have been considered in previous numerical studies®*-*. In this
work a gradual change of the subduction dip angle was produced by altering
the motion of the upper plate relative to the deeper mantle®. This was done by
changing the velocity boundary condition on the sides of the domain as illustrated
in Fig. 4 (black arrows). To impose a decrease (increase) in the dip angle, we forced
the asthenosphere to migrate in the same (opposite) horizontal direction of the
downgoing plate. These boundary conditions were imposed over a depth range
of 100-500 km. To reduce the computation time, we used higher values for the
imposed relative velocity (10 cmyr') than expected from observational constraints.
We tested a number of relative velocities to validate that upper plate stress changes
are not rate dependent (Supplementary Section 4).

To produce interseismic stresses after long-term subduction, we locked
the interface at seismogenic depths (2-40km) for 1,000 years by setting f,=f;
and C,=C,. We then simulated a megathrust earthquake by instantaneously
changing f, and C, to zero, which changes the strength of the plate interface to
zero. Modelled extensional aftershocks were flagged wherever extensional brittle
yielding occurred after the imposition of zero strength on the interface. The
~10 MPa average shear stress drop on the interface after the reduction of friction
is on the order of the mean stress drop estimated for the Tohoku earthquake'.
Two hours after the simulated earthquake we changed f, and C, to their
interseismic values.

To accurately follow the rapid stress changes during the co- and postseismic
period, we set the compressional wave speed to its real value so the time step for
stability was ~0.5s. Our procedure is analogous to the somewhat more complex,
adaptive time-step procedures used by other groups that simulate earthquakes
over many seismic cycles”, which include models using FLAC*. We verified
our methodology with spatial and temporal resolutions tests, as described in the
Supplementary Information.

Estimating slab dip changes based on the location of the volcanic arc. We
define the dip angle as the arctangent of the ratio of the depth of the top of the
slab beneath the volcanic arc (H) to the distance (L) from the arc to the trench.
To estimate L for different locations of the arc, we measured the distance of the
current and past arcs® to the trench at 37°N latitude. We assumed the trench has
not moved relative to the island of Honshu.

H is taken to be the depth of the top of the Wadati-Benioff zone, found to be
100km for the present day arc in Honshu®. A global compilation of the depth of
the Wadati-Benioff zone for different subduction zones suggests that H varies from
values ranging from 72 to 173 km with an average of 105km. Thus, it is possible
that the value of H in Honshu has changed with time. We used this variance to
estimate the error bars for the dip angle of the subduction zone in the past. Error
bars in the timing of the different dips are taken to be those of the suggested timing
of the location of the arc®.

Data availability

Source data for Fig. 2 are provided as a Source Data file. The location

and timing of aftershocks for the Tohoku, Sumatra-Andaman and Java

events can be found in the Iris catalogue (http://service.iris.edu/fdsnws/event/1/)
or by contacting the corresponding authors of the aftershocks papers cited
within this article.

Code availability
The numerical code we used for these model runs can be found at https://bitbucket.
org/tan2/flac/src/default/.
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