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Abstract Subduction is substantially multiscale process where the stresses are built by long-term
tectonic motions, modified by sudden jerky deformations during earthquakes, and then restored by
following multiple relaxation processes. Here we develop a cross-scale thermomechanical model aimed to
simulate the subduction process from 1 min to million years’ time scale. The model employs elasticity,
nonlinear transient viscous rheology, and rate-and-state friction. It generates spontaneous earthquake
sequences and by using an adaptive time step algorithm, recreates the deformation process as observed
naturally during the seismic cycle and multiple seismic cycles. The model predicts that viscosity in the
mantle wedge drops by more than three orders of magnitude during the great earthquake with a
magnitude above 9. As a result, the surface velocities just an hour or day after the earthquake are controlled
by viscoelastic relaxation in the several hundred km of mantle landward of the trench and not by the
afterslip localized at the fault as is currently believed. Our model replicates centuries-long seismic cycles
exhibited by the greatest earthquakes and is consistent with the postseismic surface displacements
recorded after the Great Tohoku Earthquake. We demonstrate that there is no contradiction between
extremely low mechanical coupling at the subduction megathrust in South Chile inferred from long-term
geodynamic models and appearance of the largest earthquakes, like the Great Chile 1960 Earthquake.

1. Introduction

Subduction, being a key process of plate tectonics, is also a driving mechanism of the largest and most
dangerous earthquakes (Schubert et al., 2001; Wang et al., 2012). Presently, modeling of the long-term (mil-
lions of years’ time scale) deformation at plate boundaries (e.g., Baes et al., 2016; Burov et al., 2014; Gerya,
2011; Popov et al., 2012; Quinteros & Sobolev, 2013) and modeling of earthquakes and their seismic cycles
(e.g., Barbot et al., 2012; Lambert & Barbot, 2016; Lapusta & Barbot, 2012; Liu & Rice, 2007; Rice, 1993; Rice &
Ben-Zion, 1996) are independent. A few models (Sobolev & Babeyko, 2004; van Dinther et al., 2013a, 2013b,
2014) attempted to close the gap between these temporal scales, but these studies were limited to a mini-
mum time resolution of several years. In particular, van Dinther et al. (2013b) complemented a long-term
geodynamic model of subduction by the rate-weakening friction law at the subduction plate interface,
which allowed simulation of seismic cycles. However, due to technical reasons, ‘‘rupture propagation’’ in
that model lasted more than a decade. Obviously, in reality, even the greatest subduction zone earthquakes
with magnitude above nine last only a few minutes and are followed by postseismic deformation in the
ensuing hours to months and years. In this postseismic phase, whose modeling requires much higher tem-
poral resolution than a year, the crust and mantle are adapting to the deformation imposed by the earth-
quakes, and the stress system is being prepared for the next great earthquake (Scholz, 1998; Wang et al.,
2012).

As satellite-based geodetic observations have become widely available over the last decades, knowledge
about the processes that operate during postseismic and interseismic periods has advanced rapidly
(B€urgmann & Dresen, 2008; Wang et al., 2012). It is widely accepted that two relaxation processes domi-
nate during the postseismic period (B€urgmann & Dresen, 2008; Wang et al., 2012): (1) a decaying slip at
the fault following the main event called afterslip and (2) viscoelastic relaxation in the crust and mantle.
Afterslip is localized at the fault, usually at its shallowest and deepest parts (B€urgmann & Dresen, 2008;
Wang et al., 2012) and acts like a slow continuation of the earthquake. Contrary to the afterslip, visco-
elastic relaxation after great earthquakes with magnitudes over nine involves large volumes of the
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mantle and lower crust with dimensions of hundreds to thousands of kilometers (B€urgmann & Dresen,
2008; Wang et al., 2012). An important discovery was that the viscosity of the mantle after an earth-
quake is time-dependent (Freed & B€urgmann, 2004; Pollitz, 2003; see also reviews by B€urgmann & Dre-
sen, 2008 and by Wang et al., 2012, and references therein) and decreases during the earthquake by up
to 10–20 times and then increases back during the postseismic period. These viscosity changes affect
the timing of the postseismic relaxation processes. It is widely accepted that viscoelastic relaxation
begins to control surface velocities years (Scholz, 1998) or months (Hoechner et al., 2011; Wang et al.,
2012) after a great earthquake and before that deformation is driven by afterslip at the fault (Marone
et al., 1991; Perfettini and Avouac, 2004).

Simulating earthquake processes is highly challenging because of the high complexity of earthquake
phenomenology and the very wide range of space and time scales involved (Ben-Zion, 2008). In particu-
lar, a longstanding challenge has been to model earthquakes in a self-consistent way as a part of a seis-
mic cycle (Wang et al., 2012). In addition, most of the recent seismic-cycle models with several
exceptions (Freed & B€urgmann, 2004; Freed et al., 2006, 2007, 2010, 2012; Lambert & Barbot, 2016;
Masuti et al., 2016; van Dinther et al., 2013b) use simplified linear rheological models, such as Burger’s
rheology (see review Wang et al., 2012, and references therein), that are not based on mineral-physics
laboratory data.

In this study, we intend to develop a two-dimensional (2-D) cross-scale self-consistent model of subduction
including earthquakes and multiple seismic cycles. The model aims to fulfill three conditions. First, it should
employ nonlinear rheology based on experimental data on deformation of rocks and mineral-physics mod-
els. Second, it should replicate long-term (million years’ time scale) evolution of subduction zone. Finally
and most important, the model should generate earthquakes as spontaneous mechanical instabilities and
should replicate all following stages of the seismic cycle over multiple cycles at time scales from minutes
(earthquake) to thousands of years (multiple seismic cycles). Note, however, that here we do not aim to
model the rupture propagation process and generation of seismic waves during the earthquakes. Including
these processes would require much higher spatial and temporal resolution than we could currently
achieve in our models.

2. Cross-Scale Model

In this section, we describe the main features of our model, while more details of the modeling techniques
and its testing are presented in the Appendix A. The model consists of two stages. At the first stage, we sim-
ulate long-term subduction process with the time scale of million years. As a result, we obtain a model with
the required geometry of the slab and realistic distribution of stresses and temperature in the lithosphere
and underlying mantle. The integration time step at this stage is constant and is typically about 104 years.
At the next stage, we zoom in at time scales of the seismic cycle and multiple seismic cycles using the long-
term model as an initial condition. Note that at this second stage, deformation processes are transient
rather than steady state and their time scales are strongly variable, from a minute (earthquake) to years and
centuries (seismic cycle) and millennia (multiple seismic cycles). Therefore, modeling of these processes
requires modification of the rheological models and implementation of an adaptive time stepping
procedure.

2.1. Long-Term Model (Time Scale of Million Years)
We use a 2-D version of the thermomechanical finite element numerical code SLIM3D (Popov & Sobolev,
2008), which solves conservation equations of mass, momentum, and energy. The technique employs non-
linear rheology, assuming that the cumulative strain rate is the sum of elastic strain rate, viscous creep strain
rate, and plastic strain rate. The steady state creep parameters for diffusion and dislocation creep are taken
from published laboratory experiments with major rock types (see Table A1 in the Appendix A) and all mod-
els have a true free-slip upper boundary condition. We use typical thermal parameters for all rock types (see
section A1.1 in the Appendix A). The model is 2-D, has a horizontal dimension of 900 km and vertical
(depth) dimension of 300 km. The finite elements are isometric and their size in most of the models is 3 km,
but we have also computed high-resolution (finite element size 1.5 km) and low-resolution versions (finite
element size 6 km) of our reference model.
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The model is aimed to reproduce the lithospheric structure of the South Andes where the Great Chile Earth-
quake occurred in the year 1960. It consists of an oceanic subducting slab with the basaltic crust and harz-
burgitic lithospheric mantle; overriding plate with two-layer continental crust, and lithospheric mantle and
asthenospheric mantle (Figure 1a). For the asthenospheric mantle, we use olivine diffusion and dislocation
creep parameters corresponding to the water content of 1,000 ppm H/Si (Hirth & Kohlstedt, 2003). The
potential temperature in the asthenosphere is set to 1,3508C. We consider as a ‘‘model shear zone’’ a top
layer of the oceanic crust at a depth of less than 100 km and prescribe to it a special type of rheology. This
includes a very low effective static friction coefficient of 0.015–0.02 in accord with the long-term evolution
models of South Andes (Sobolev & Babeyko, 2005) and the weakest wet quartz dislocation creep rheology
(Ranalli, 1997).

We ‘‘prepare’’ the long-term model by running the two-plate model for 10 Myr with the fixed no-slip upper
50 km of the continental lithosphere at right boundary and the rest of the right boundary flow-open. The
temperature is 08C at the surface, and the potential temperature is set to be 1,3508C at the model bottom.
At the model sides, the normal component of the heat flow vector is set to be 0. We generate subduction
by advancing oceanic lithosphere in the direction of the continental lithosphere with a 178 dipping low-
strength fault between oceanic and continental lithospheres. The bottom boundary is flow-open and the
left boundary is kinematically prescribed. Horizontal velocities at the upper 50 km of the left boundary (oce-
anic lithosphere) were fixed at 7 cm/yr. Velocities at the left boundary deeper than 50 km (Figure 1a) are
chosen by trial and error to achieve the geometry of the subducted slab consistent with the seismic obser-
vations (Dzierma et al., 2012). The resulting long-term model is demonstrated in Figure 1. It has slab geome-
try, upper plate structure, and temperature consistent with observations and previous thermal models
(Currie & Hyndman, 2006). The viscosity is strongly heterogeneous (Figure 1d) with the lowest viscosity
slightly lower than 1018 Pa s in the asthenospheric mantle wedge.

2.2. Short-Term Model (Time Scale From Minute to n 3 1000 Years)
At the second stage, we take the long-term model as an initial setup for the modeling of the seismic cycles
of great earthquakes. As side and bottom boundary conditions, we use velocities from the long-term model
and the upper boundary is kept free. To model a seismic cycle, we switch to completely different and
strongly variable time scales from about a few minutes (duration of the great earthquake) to years and hun-
dreds of years (duration of postseismic and interseismic periods). To accomplish that, we modify the rheol-
ogy of the crust and mantle to consider transient creep processes following ideas of Karato (1998) and

Figure 1. (a)Spatial distribution of materials, (b) magnitude of heat flow and temperatures, (c) strain rates and velocities, and (d) viscosity (d) in a long-term
thermomechanical model of subduction in South Chile before implementation of transient viscous rheology and rate-and-state friction.
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implement classical aging rate-and-state friction (hereafter RSF) weakening rheological model (Ruina, 1983;
Scholz, 1998) in the model shear zone of finite thickness, which is considered to be a continuum, The slip
velocity is defined through shear strain rate in the shear zone (see section 2.2.2). We also implement special
procedures to model earthquakes and postseismic processes, which include an adaptive time stepping pro-
cedure and procedure of identification of mechanical instabilities (earthquakes). We test our modeling tech-
nique by comparing modeling results with the previous high-resolution numerical models of seismic cycles
(Lapusta et al., 2000).
2.2.1. Rheology Modification: Transient Creep
For long-term tectonic deformation, it is suitable to use steady-creep rheology with parameters provided by
laboratory experiments, like those for the olivine-dominated rocks (Hirth & Kohlstedt, 2003), see also refer-
ences in the supporting information Table. In our long-term geodynamic models, we routinely use both
(competing) diffusion creep and dislocation creep steady rheologies but in the active subduction zone set-
ting and at the depth range of less than 300 km, the dominant steady-creep process is dislocation creep.
Whether dislocation density will change during the postseismic period depends on the magnitude of the
stress increase imposed by the elastic strain during the earthquake. When the stress increase is significant
(say a doubling of the square root of the second invariant of the stress deviator) then dislocation multiplica-
tion occurs (S. Karato, personal communication, 2016). Sudden changes of the stress field during the earth-
quakes lead to the transient rheological behavior. We use a model for transient dislocation creep rheology
based on the ideas of Karato (1998).

_E5 _Ess 11 b21ð Þexp 2
Ess tð Þ
Eeq

el

� �� �
; (1)

_Ess5Bdis sIIð Þnexp 2
Hdis

RT

� �
; (2)

where _E is the square root of the second invariant of the power law creep strain rate tensor; _Ess is the same
for steady state power law creep; Eeq

el is the square root of the second invariant of the elastic strain tensor
induced by an earthquake; Ess tð Þ is an accumulated steady state creep strain at time t after the earthquake
(i.e., time integral of _Ess since the earthquake) and it is 0 at t 5 0, i.e., at a moment of an earthquake; b is the
ratio between initial transient and steady state strain rates, which is a constant about 10 for olivine (Bai
et al., 1991); sII is the square root of the second invariant of the stress deviator; n is the power law exponent;
Hdis is an activation enthalpy of the dislocation creep; R is the gas constant; T is the absolute temperature,
and B is a preexponential factor. Parameters B, n, and Hdis for olivine are taken from experimental data
(Hirth & Kohlstedt, 2003).

Equation (1) has a more general form than the original equation (15) in Karato (1998) as it does not assume
linear dependency of the steady state creep strain on time. If this dependency is linear, i.e., Ess tð Þ5�_E � t
(where �_E is an average steady state strain rate) then equation (1) reduces to the form of equation (15) in
Karato (1998) also used in Freed et al. (2012) (equation (4)), where relaxation time s5Eeq

el =
�_E . The advantage

of our more general formulation is that it contains only one parameter (apart from the steady state rheolog-
ical parameters), which is b and all other quantities are calculated.

Equation (1) is applied to the finite elements, where the square root of the second invariant of the stress
deviator is changing by more than 2 times at one time step. Because of this condition, the transient defor-
mation in our models is almost completely restricted to the asthenospheric mantle wedge, where viscosity
and long-term stresses are low. Note that the quantities Ess tð Þ and Eeq

el are recalculated at every sudden sig-
nificant change of stress (i.e., earthquake), which allows cycles of transient creep, similar to Masuti et al.
(2016). However, differently to Masuti et al. (2016), our transient creep model is defined for a single event.
That means that the model can be applied to the next event only if the steady state creep regime has
already been achieved after the previous event. The typical time for that is less than a few years (Karato,
1998). In our models of great earthquakes, this time is even much smaller, being less than one month (see
section A1.5). Therefore, our transient creep model is fully applicable for the seismic cycles with the time
intervals between the events of a few hundred years.
2.2.2. Rheology Modification: Rate-and-State Friction
In the model shear zone, we employ classic aging rate-and-state friction by Ruina (1983), (see also the
review by Scholz, 1998),
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s5c1l 12
Pf

rn

� �
rn; (3)

l 12
Pf

rn

� �
5l�5l�st1a� � ln V

Vst

� �
1b� � ln HVst

L

� �
; (4)

dH
dt

512
HV

L
; (5)

l�st5lst 12
Pf

rn

� �
; a�5a 12

Pf

rn

� �
; b�5b 12

Pf

rn

� �
; (6)

where s is the shear stress, c is the cohesion, Pf is the fluid pressure, rn is the normal stress, l, l�, and l�st

are friction, effective friction, and effective static friction, respectively. a, b are parameters for rate-and-state
friction law and a�, b� are effective parameters for rate-and-state friction law, V is the velocity of slip on the
fault, Vst is quasi-static (or reference) velocity, i.e., the velocity at which l�5l�st and L is the critical slip dis-
tance and H is the state variable.

Note that in the original version of equation (3) of RSF law cohesion is absent. In our model, we use a very
small value of cohesion of 2 MPa in the model shear zone to avoid destabilization of the uppermost ele-
ments in the model. Our tests show that changing this parameter by 2 times in any direction does not affect
the modeling results.

Assuming that velocities are constant at any integration time step, we can integrate state equation (5) ana-
lytically and define an updated value of the state parameter at the end of the time step (Hn 1 1) through its
value at the end of the previous time step (Hn).

Hn115
L

Vn11
1 Hn2

L
Vn11

� �
� exp 2

Vn11Dt
L

� �
; (7)

where Hn 1 1 and Hn are state variables for current and previous time steps, respectively, L is the critical slip
distance, Vn 1 1 is the velocity of slip on the fault, and Dt is the current time step. Note that equation (7) is
not a finite difference approximation of state equation (5) but its exact solution assuming constant velocity
at a single time step.

We then approximate velocity V as a product 2Del _c, where _c is the plastic strain rate of material in the
model shear zone and Del is the finite element size, which is the same in both directions in our model. We
also approximate normal stress rn and shear stress s by dynamic pressure (–I/3, where I is the first invariant
of the stress tensor) and by the square root of the second invariant of the stress deviator, respectively. All
these approximations are the same as were used in our earlier models (Sobolev & Babeyko, 2004) and in
models by van Dinther et al. (2013b). Further, by substituting (7) in (4) and (3) we obtain the final relation
for the effective friction and shear stress in the channel.
2.2.3. Adaptive Time Step Procedure
The maximum time step in our short-term model is 5 years, which is suitable at the late stage of the postseis-
mic and for the interseismic periods, but is much too long for the earthquake itself and following the early
stage of the postseismic period. See the Appendix A for a criterion to define maximum time step. To resolve
different stages of the postseismic period, we implement the following adaptive time step procedure. At each
time step, we calculate an average plastic strain rate in the entire model shear zone. If its value increases by
more than a certain critical amount CA, we decrease the time step, otherwise the time step does not change.
The CA value is defined to detect the largest earthquakes. Empirically found suitable CA values are 25–150%.
If CA is lower, the algorithm starts to detect many smaller earthquakes together with the large ones. If CA is
higher than some 150–200%, we start to miss large events. The procedure works as follows. If, at one of the
time steps, the average strain rate in the channel increases by more than (1 1 CA/100) times, the time step is
then decreased by 2 times and the calculation is repeated. If required, the stepwise decreasing continues till
the time step reaches its smallest value of 40 s, which happens at the earthquake. The smallest time step
(40 s) in our 2-D model corresponds to the rise time for a great earthquake. After the earthquake, the time
step begins to increase stepwise (by 2 times) following decreasing strain rate in the model shear zone until it
reaches its maximal value of 5 years. In this way, we can follow in detail rapidly changing deformation during
the entire seismic cycle. Evolution of the time step is shown in Figures 2a and 2b.
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Note that our adaptive time stepping procedure is not suitable to model in detail rupture nucleation and
rupture propagation processes. The more appropriate adaptive time stepping algorithm is that by Lapusta
et al. (2000). However, this algorithm requires very high spatial and temporal resolution that cannot be
achieved currently in our large-scale subduction models. Therefore, we employ an approximate adaptive
time stepping algorithm, which nevertheless allows proper modeling of the largest events and their seismic
cycles (see below).
2.2.4. Modeling of Earthquakes
In the previous modeling studies (Lapusta & Barbot, 2012; Lapusta et al., 2000), it was demonstrated that to
resolve properly processes of nucleation and propagation of rupture, the rupture nucleation length h* must
be resolved by at least a few tens of grid points. With our element size of 1.5–3 km and RSF parameter L 5 1–
10 cm, h*, defined as in Lapusta et al. (2000), is about 2–20 km, so we have only 0.7–14 grid points at nucle-
ation length, which is much less than required. From this consideration, it is clear that it makes no sense to
model details of rupture nucleation and propagation with the current model resolution. However, for our pur-
poses, precise modeling of rupture propagation is not required. Instead, what is necessary for modeling the
entire seismic cycle is (1) to recognize the onset of the largest instability (5 great earthquake) and (2) to repro-
duce reasonably well the cumulative coseismic slip distribution along the fault. To do so, we develop a model-
ing procedure that achieves our aims with a resolution of about a few grid points at h* length.

Our modeling procedure is based on the following idea. During an earthquake, the local stress in the chan-
nel drops. This is accompanied by a dramatic decrease of slip velocity. During the interseismic phase, stress

Figure 2. (a) Evolution of modeling time step with time for multiple seismic cycles and (b) single seismic cycle. (c and d)
Average slip velocity at the entire fault versus time for two randomly chosen events. Red points show velocities at the
moment when critical instabilities are recognized. The model is then recalculated with a smaller time step.
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builds up but slip velocity in the ‘‘locked zone’’ remains orders of magnitude lower than the convergence
rate until critical instability (5 earthquake) occurs. While approaching the instability, the average slip veloc-
ity at the entire model shear zone rises and begins to fluctuate (Figures 2c and 2d) if the maximum time
step is small enough (see analyses in the Appendix A). These fluctuations result from propagation upward
and back of the tip of the deep creeping part of the fault. Some of them may be real while others may be
numerical artifacts. Anyway, they do indicate nearing critical instability; the closer to the instability the
larger are the fluctuations (Figures 2c and 2d). By constantly monitoring strain rate changes at the fault (see
section above), we recognize a moment when the slip velocity increases fast enough (according to the CA
criterion) and drop our time step, till the smallest time step (here 37 s) is achieved (see section 2.2.3). Our
rupture, i.e., rapid shear deformation in the continuum model shear zone, typically takes one or two of the
smallest time steps; after that, we gradually increase the time step to simulate postseismic processes. Note
that this algorithm is aimed to model the largest events, so we may ignore the small ones.

In a special section in the Appendix A, we present results of the test of our modeling procedure using exist-
ing high-resolution solutions for the seismic cycles at transform fault by Lapusta et al. (2000). We demon-
strate that our model generates regular sequences of events without the artificial complexity that may arise
in models of rupture propagation due to insufficient resolution (Lapusta et al., 2000; Rice, 1993; Rice & Ben-
Zion, 1996). We reproduce major features of the solutions by Lapusta et al. (2000), including recurrence
times and magnitudes of main events as well as coseismic slip distributions, although we do not reproduce
some details of the solution, like small secondary events with seismic moments of a few percent of the
main events.

3. Results

3.1. Earthquake Sequences
First, we consider the case with the depth-uniform (till 100 km depth) rate-weakening RSF parameters. We
calibrate parameters to reproduce an average slip (about 15–20 m, Moreno et al., 2009) and average stress
drop (about 5 MPa, Seno, 2014) of the Great Chile Earthquake of the year 1960 (Figure 3). Interestingly, we
simultaneously also reproduce reasonably well recurrence time of the Chile 1960-like events estimated to
be about 400–500 years (Cisternas, 2005). At the values of the RSF parameters (a 2 b)* 5 24 3 1024, b/(a
2 b) 5 25 to 3 and 1 cm� L� 10 cm, our model generates spontaneous instabilities leading to the stick-
slip deformation process with average recurrence times of earthquakes of 350–430 years, average static
stress drops of 4–6 MPa and average 2-D seismic moments of 1.5–1.8 3 1017 N (Figure 3a). The correspond-
ing 3-D moment magnitudes (Mw 5 9.3–9.35 assuming rupture length of 800–900 km) are close to the
geodesy-based estimates for the Chile 1960 event (Cisternas, 2005; Moreno et al., 2009). As we discuss in
more detail in section 4.3, the (a 2 b)* value of 24 3 1024 gives (a 2 b) of about 20.01 after correction for
the effect of fluid pressure. This value by magnitude is at the upper range of the experimental data and is
about 2–3 times larger than expected average values (Blanpied et al., 1995; den Hartog et al., 2012),

Figure 3. Mean (a) 2-D seismic moment, (b) stress drop, and (c) recurrence time (period) of the earthquakes generated by
the reference nonlinear transient model with different RSF parameter (a 2 b)*. Horizontal dashed lines correspond to the
estimated values of stress drop of 5 MPa (Seno, 2014) and recurrence time of 400 years (Cisternas, 2005) for the Great
Chile 1960 Earthquake. Vertical lines correspond to appropriate values of RS (a 2 b)* parameter.
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suggesting that other friction-weakening mechanisms are involved during great earthquakes, in accord
with previous suggestions (e.g., Lapusta & Barbot, 2012; Rice, 2006) (see section 4.3 for details).

The distribution of velocities, as well as horizontal and vertical displacements during a typical modeled
earthquake, are shown in Figures 4b–4d. Interestingly, although in this model we do not set the depth limit
for the rate-weakening RSF regime explicitly, the largest ruptures do not penetrate deeper than the depths
where the temperature is higher than 450–5008C (Figures 4c and 4d), in agreement with the previous
modeling results (van Dinther et al., 2013b). This occurs because of the resistance of the ductile flow in the
shear zone below the brittle–ductile transition.

The analyses of the sensitivity of the models to changes in the spatial resolution and technical CA parame-
ter (see Appendix A and supporting information Figures S2 and S3) demonstrate that major features of solu-
tions, like coseismic slip distribution and earthquake recurrence times, are stable and robust.

3.2. Postseismic Deformations
The model shows realistic postseismic deformation patterns (Figure 5) that have been observed at the sur-
face and extend the flow patterns to depth showing patterns that otherwise would be unknown. For exam-
ple, the model reproduces the landward motion of the near-trench region of the upper plate that begins
early after the earthquake (Figure 5). Thanks to the unique ocean bottom geodetic instruments network,
this phenomenon was observed and modeled for the first time for the Great Tohoku 2011 Earthquake (Sun
et al., 2014; Watanabe et al., 2014). The model also replicates observations that the locking process of the
seismogenic zone starts early in the seismic cycle but the trenchward motion of the upper plate continues
several decades after the great earthquake (Wang et al., 2012) (Figures 5e and 5f). In particular, our Chile
1960 model demonstrates prolonged postseismic deformations in agreement with the GPS observations
(Khazaradze et al., 2002) suggesting trenchward motion of the overriding plate 300–400 km landward from
the trench 35 years after the event.

However, perhaps the most striking result of the model is the dramatic drop in the viscosity in the large
domain of the mantle wedge just after the onset of the earthquake. While the minimum viscosity in the
mantle wedge during the interseismic period in our reference model is approximately 1018 Pa s, it drops to
about 1014 Pa s after the earthquake. This decrease is a result of the stress imposed on the mantle wedge
due to the elastic deformation of the earthquake. Stress is increased by more than 10 times in the large

Figure 4. (a) Sequence of the earthquakes generated in the high-resolution version (finite element size of 1.5 km) of reference nonlinear transient model with the
RSF L parameter of 1 cm. (b) A snapshot of strain rate spatial distribution (with velocity vectors) for the typical event. The white curve shows 5008C temperature
isoline. (c and d) Snapshots of the (c) horizontal and (d) vertical coseismic slip distributions during the same event.
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volume of the mantle wedge (Figures 6a and 6b), which translates to
the viscosity drop of about three orders of magnitude because of the
power law rheology of the mantle rocks. The additional order of mag-
nitude decrease is due to the transient creep strain rate amplification.
Later, during the postseismic phase of the seismic cycle, viscosities
gradually increase following the relaxation of stress in the wedge,
approaching their steady (interseismic) values about a decade after
the earthquake (Figures 5 and 7). For a smaller earthquake (Mw about
8.9), the viscosity drop is less because of the lower stress increase, but
it is still as large as 2.5 orders of magnitude (Figure 7). Because the vis-
cosity drop is caused by the change of the stress, the key rheological
parameter that controls this behavior for the earthquakes with the
same magnitude is the stress exponent n, which is between 3 and 4
for the mantle rocks (Hirth & Kohlstedt, 2003; Karato & Jung, 2003).
Viscosity in the mantle wedge changes during the seismic cycle some-
what differently in the models with n 5 3 and n 5 4 (Figure 7), but in
all cases it drops by orders of magnitude during the great earthquake.
As we will see from the following analysis, this dramatic drop in vis-
cosity results in a much earlier emergence of the large-scale viscoelas-
tic relaxation process in the mantle wedge than is currently believed.

In conventional models of viscoelastic relaxation, viscosity in the man-
tle wedge is assumed to be either constant (linear Maxwell viscous

Figure 5. (a)–(f) Snapshots of the spatial distributions of viscosity (background colors) and velocities (vectors) for the different stages of the seismic cycle from 1 h
(a) to century (f) of the typical earthquake (Mw 9.3) generated by the high-resolution version of the reference nonlinear transient model. Note different scales of
the velocity vectors. The red triangle at the surface indicates the position of the virtual GPS station located about 300 km landward from the trench.

Figure 6. (a and b) Snapshots of the spatial distribution of viscosities (back-
ground colors) and stresses (contours) in the high-resolution version of refer-
ence nonlinear transient mode of the Mw 9.3 earthquake (a) just before and (b)
just after the earthquake.

Geochemistry, Geophysics, Geosystems 10.1002/2017GC007230

SOBOLEV AND MULDASHEV SEISMIC CYCLE CROSS-SCALE MODEL 4395



model) or changing by up to 10–20 times according to a linear tran-
sient viscous (Burger’s) model (Wang et al., 2012, and references
therein). To compare results of our model with the conventional mod-
els, we run models with the accordingly simplified rheology in the
mantle but with all other parameters being the same as in our refer-
ence model (see Appendix A for details). Similar to our reference
model, these models with simpler rheology generate sequences of
earthquakes with comparable seismic moments, stress drops, and
recurrence times. We compare horizontal velocities for the several
models at a virtual GPS station located at a distance of 300 km land-
ward from the trench (Figure 8). Velocities in the reference model
(black circles in Figure 8a) are controlled by the continuing rupture
propagation, and afterslip in the shallow part of the fault during the
first 10 min after the main earthquake shock. However, after just an
hour following the earthquake and later, surface velocities are con-
trolled by viscoelastic relaxation in the mantle wedge (see also Figures
5b–5f).

Interestingly, in this model, velocities decay with time as t20.8 – t21 in
a large time interval, from an hour until years after an earthquake.
Such a decaying behavior is similar to, and could be easily mixed with,
the hyperbolic-decay law typical for the fault-controlled afterslip pro-
cess (Marone et al., 1991; Perfettini & Avouac, 2004).

In the model with linear transient rheology (purple circles in Figure
8a), surface velocities begin to decay due to viscoelastic relaxation in the mantle wedge much later (after a
few months) in the postseismic phase than in our reference nonlinear model. That happens even later (a
few years after the earthquake) in the model with the constant viscosity in the mantle wedge of 3 3 1018

Pa s (green circles in Figure 8a).

So, the clear difference of our nonlinear model from the conventional linear rheological models is a much
earlier emergence of the viscoelastic relaxation process. That is true also for other nonlinear transient mod-
els (Figure 8b) with different values of rheological parameters (see section A1.5 of the Appendix A, for a
description of the models), as well as for the nonlinear model without transient rheology (blue circles in Fig-
ure 8a).

3.3. Models With a Deep Rate-Strengthening Region
All models that we have so-far presented do not contain a rate-strengthening RSF domain, which may exist
at megathrust faults deeper than 40–45 km (Scholz, 1998) and which is believed to be responsible for the
afterslip at the fault (Marone et al., 1991; Perfettini & Avouac, 2004; Scholz, 1998; Wang et al., 2012). To test
its effect, we have added the rate-strengthening RSF domain in the deep part (deeper than 42 km) of the
fault in our reference model without changing any other parameters. The resulting model we hereafter call
the afterslip reference model. We select values for the rate-strengthening parameters based on estimates
by Barbot et al. (2009) that a 2 bð Þ 12 Pf

rn

� �
rn should be about 0.7 MPa. Because rn in the deep section of

the model shear zone is around 1.5–1.7 GPa, this gives us a value of the a 2 bð Þ�5 a 2 bð Þ 12 Pf
rn

� �
parame-

ter of 4 3 1024 (see Table A2 in the Appendix A). The a� parameter was taken to be 1.2 3 1023 and 8 3

1024, but we found no significant dependence of our results from the a� parameter if the a 2 bð Þ� parame-
ter is fixed.

In Figure 8c, we compare postseismic horizontal velocities at a virtual GPS station on the surface (300 km
landward from the trench) in the reference model (blue circles) with velocities in the afterslip reference
model (red circles). For this comparison, we have chosen events with identical seismic moments. The mod-
els are clearly different during the first few tens of minutes following the earthquake. However, after an
hour and later, models with and without classical afterslip are becoming almost identical. This demonstrates
that even if the classical afterslip process is acting at the fault, the viscoelastic relaxation in the mantle
wedge with transient power law rheology becomes a dominant deformation process already an hour or so
after an Mw 9.2 earthquake. The same analysis for a smaller earthquake (Mw 8.9) shows that in this case,

Figure 7. Time evolution of the minimum viscosity in the mantle wedge during
the seismic cycles of earthquakes generated by the nonlinear transient models:
Mw 9.3 reference model (black symbols); versions of Mw 9.3 reference model
with stress exponent n 5 3 (green symbols) and n 5 4 (blue symbols); Mw 8.9
reference model (red symbols).
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viscoelastic relaxation in the mantle wedge becomes a dominant deformation process later, but still as early
as a few days after the earthquake (Figure 8d). In Figure 8c, we also show the effect of afterslip for the ‘‘con-
ventional’’ models with different transient linear viscosities in the mantle wedge (see the legend in the fig-
ure or section A1.6 for details). In the linear models, viscoelastic relaxation in the wedge becomes a
dominant deformation process only some weeks or some months after the great event.

Surface velocities in the models with and without rate-strengthening part of the fault are very similar at a
distance of 300 km (Figure 8c) and 200 km (Figure 9a) from the trench. Closer to the trench (100 km, Figure
9b), surface velocities change sign (upper plate begins to move landward faster than oceanic plate) some
time after the event. This happens when deformation due to the viscoelastic relaxation in the mantle wedge
overcomes deformation due to the afterslip (Sun et al., 2014). In the ‘‘conventional’’ linear afterslip model,
that occurs a week after the Mw 9.2 event (magenta triangles in Figure 9b), while in the nonlinear afterslip
model only an hour after the event (red circles in Figure 9b).

Figure 8. (a) Time evolution of the horizontal surface velocities at the virtual GPS station located 300 km landward from the
trench during seismic cycles of the earthquakes generated by different models. Black solid circles correspond to the refer-
ence nonlinear transient model, blue circles correspond to nonlinear ‘‘nontransient’’ model, magenta solid circles correspond
to the linear transient model and green solid circles to the linear ‘‘nontransient’’ model. Note the log-log scale of the axes.
Red dashed line shows 1/t function trend. (b) The same as (a) for the additional nonlinear transient models: model with
stress exponent n 5 3 (green solid circles), model with 10 times reduced B parameter in the entire asthenosphere (blue solid
circles), model with 10 times increased B parameter in the entire asthenosphere (magenta solid circles), model with 10 times
reduced B parameter in the oceanic asthenosphere only (orange solid circles), (c) the same as (a) for the model’s pairs con-
sisting of model including and model not including rate-strengthening part of the fault with (a 2 b)* 5 4 3 1024 below the
depth of 42 km. All models have the same parameters (as in reference model) in the rate-weakening part of the fault above
the depth of 42 km with parameters. (d) The same as (c) but for the smaller magnitude Mw 8.9 model.
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4. Discussion

4.1. Comparison With Conventional Models
Our results suggesting extensive viscoelastic relaxation deformation very early after a great earthquake con-
tradict the conventional view that viscoelastic relaxation begins to control surface velocities only months or
even years after an earthquake (see reviews by B€urgmann and Dresen, 2008, Scholz, 1998, and Wang et al.,
2012). If our model is correct, why then can conventional models successfully fit the observations? It is clear
from Figure 8 that surface velocities in the region above the central and deep parts of a fault during the first
few months or even a year in our reference model can be easily misinterpreted as resulting from afterslip
because of the similar decay behavior for both processes. Note that in our models an afterslip is a dominant
deformation mechanism only during 10 min to an hour in the Mw 9.2 model at any distance from the
trench (Figures 8c and 9) and only during the first few days in the Mw 8.9 model (Figure 8d). Note also that
from a month or so after the great earthquake till the end of the seismic cycle, the viscosity in the mantle
wedge in our models changes by about 10–20 times (Figure 7), which is remarkably close to the viscosity
change required to fit observations in the conventional models of viscoelastic relaxation. We emphasize
that this 10–20 times change of viscosity during the postseismic period, which is frequently used to fit GPS
data (see reviews by B€urgmann and Dresen, 2008 and Wang et al., 2012), is not assumed but is predicted by
our model.

4.2. Model Test for Tohoku 2011 Event
As a further test for our model, we compare its predictions with the data for the Great Tohoku earthquake.
Note that slab geometry at Tohoku is very similar to South Chile (see Schellart & Rawlinson, 2013). There-
fore, we apply the same slab geometry to model the Tohoku event. As our model is 2-D, we select the data
from the stations located around the line perpendicular to the trench and crossing the patch of high slip of
the Tohoku event (Figure 10a) similar to Muto et al. (2016). For each station shown by a small blue point in
Figure 10a, we plot daily solutions for horizontal trench-perpendicular displacements relative to its location
at the first day after the Tohoku event. We use all daily solutions for the time interval of 4 years after the
event (The Geospatial Information Authority of Japan, http://mekira.gsi.go.jp/project/f3_10_5/en/index.
html).

The size of the main asperity in the Tohoku event (around 200 km) is unusually small for its magnitude.
Therefore, there is a significant 3-D geometric effect in coseismic deformation at the land GPS stations that
are all located more than 200 km away from the trench. To minimize 3-D geometrical effects, we normalize

Figure 9. (a) Horizontal surface velocities relative to the ocean (positive oceanward) at the location of 200 km landward
from the trench for the models with and without rate-strengthening part of the fault with (a 2 b)* 5 4 3 1024 below the
depth of 42 km. (b) The same as (a) at the location of 100 km landward from the trench. Note that points in (b) are not
shown when the upper plate is moving landward faster than the oceanic plate.
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the postseismic displacements for each station by its cumulative postseismic displacement during one year
after the event. Normalized displacement curves for all stations plot in a rather narrow band and are shown
by black curves in Figure 10b. Note the logarithmic time scale in Figure 10b that highlights displacements
at small times. All displacement curves show significantly higher velocities shortly after the event: more
than one-third of the yearly displacement occurs during the first month after the event. Blue curves show
the displacements at three virtual GPS stations (large blue circles in Figure 10a) predicted by our reference
model for the event with Mw 9.3. We see that this model suggests that about half of the yearly displace-
ment would occur during the first month after the event, instead of the one-third observed. From that, we
conclude that the Mw 9.3 model predicting four orders of magnitude drop of viscosity is clearly falsified for
the case of the Tohoku event. However, the predicted displacements for the model of the event with the
Mw 8.9 (purple curves), more representative of the Tohoku event, fit the observations remarkably well for
the entire time range, including the first days after the event.

In Figure 10c, we show our model for the Mw 8.9 event at the time of 2.5 years after the earthquake. The
colors represent horizontal displacements and arrows show displacement vectors. Note about 0.5 m land-
ward displacement of the upper plate domain close to the trench and about double as large a displacement
of the virtual land GPS stations in the opposite direction. Note also downward displacement of the surface
of the upper plate some 100 km landward from the trench. All these modeling results agree well with the
observations (Sun et al., 2014; Watanabe et al., 2014).

Figure 10. (a) Location of the GPS stations (small blue points) used for the comparison of the displacements after the
Tohoku 2011 earthquake with the models. The dashed line shows the surface trace of the model 2-D profile and large
blue circles show virtual GPS stations on the model profile. (b) Time evolution of the normalized trench-perpendicular
observed postseismic horizontal displacements (black curves) versus calculated horizontal displacements at three virtual
GPS stations for the Mw 9.3 reference model (blue curves) and Mw 8.9 model (magenta curves). All displacements are
trench-perpendicular, and are calculated relative to the position of the stations at the next day after the Tohoku 2011
event and are normalized by the displacements at one year after the event. Note logarithmic scale of the time axis. (c) Spa-
tial distribution of the horizontal displacements (background colors) and displacement vectors (arrows) 2.5 years after the
event in the Mw 8.9 model. The red line shows a subduction fault.
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4.3. How Realistic Are Our Estimated RSF Parameters?
The suitable effective (a 2 b)* parameter to generate the largest earthquakes in our model is 24 3 1024

(Table A2 in the Appendix A, third row from the top). To compare this value with the laboratory-derived val-
ues, we need first to make corrections for the high fluid pressure effect. The fluid pressure factor can be esti-
mated using equation (2), the values for effective static friction in the channel of 0.015 and friction
coefficient for dry rocks in the model shear zone of about 0.5. This gives a fluid pressure factor of 0.03. By
dividing 24 3 1024 by this factor we obtain an estimate of the ‘‘real,’’ not affected by fluid pressure values
of (a 2 b) of 20.013 in rate-weakening RSF depth range. If the effective static friction in the channel is 0.03,
a fluid pressure factor is 0.06 and ‘‘real’’ value of (a 2 b) is 20.007. These absolute values (0.007–0.013) are
at the upper range of the experimental values and are about 2–4 times larger than expected average values
in the seismogenic zone (Blanpied et al., 1995; den Hartog et al., 2012). Note, however, that during the large
earthquakes additional friction-weakening processes like flash heating and fluid pressurization are expected
(Rice, 2006) and modeled (Noda & Lapusta, 2013). We may expect that fluid pressurization is particularly
extensive at subduction faults with initially high fluid pressure like in South Chile. Therefore, we find it to be
a reasonable suggestion from our model that for the largest earthquakes, which we consider here, about a
half or more of the friction weakening is related to the processes additional to RSF, i.e., processes like flash
heating and fluid pressurization.

As half or more of the friction weakening may be in fact related to other than RSF type of friction-
weakening mechanisms, we have also run models with (a 2 b) parameters of 1/3 of the (a 2 b) parameter
in the reference model and additional linear slip-weakening friction law (Appendix A). With the appropriate
values of the slip-weakening parameter leading to similar stress drops during earthquakes, the resulting
models are similar to our reference model (see supporting information Figure S5). Therefore, all conclusions
of this paper also apply to the case of multiple friction-weakening mechanisms. However, we emphasize
that in these models more than 60% of the seismic moments of earthquakes is due to non-RSF friction-
weakening processes.

In the rate-strengthening part of the fault, we use an (a 2 b)* value of 4 3 1024. After correction for fluid pres-
sure effect, this leads to (a 2 b) values of 0.01–0.013, which are consistent with experimental data for granite
and phyllosilicates at a temperature higher than 300–4008C (Blanpied et al., 1995; den Hartog et al., 2012).

4.4. Model Limitations
The largest model limitation is its two dimensionality, which does not allow comparing model predictions
with important details of observations. For example, surface coseismic displacements of the Tohoku 2011
event clearly show 3-D effects. Postseismic deformations are more evenly distributed in space but also have
some 3-D features. Therefore, we are forced to use only normalized displacements to study the time evolu-
tion of mantle rheology with our 2-D model.

Another important limitation of our current models is their relatively low resolution, which does not allow
us to resolve properly the processes of rupture nucleation and propagation (Lapusta et al., 2000). In the
future, much higher resolution within the model shear zone (about 0.1 km of grid point spacing) should be
implemented.

5. Concluding Remarks

We have developed a cross-scale model of subduction and subduction earthquakes’ seismic cycles which cover
the time scale range from 1 min (earthquake) to long-term (multiple seismic cycles and tectonic evolution, 103–
107 years). The model employs nonlinear transient rheology in the crust and mantle and RSF rheology in the
model shear zone. It generates spontaneous earthquake sequences and using an adaptive time step algorithm,
recreates the deformation process as observed naturally during the seismic cycle and multiple seismic cycles.

The key feature of our model is nonlinear transient viscous rheology, where nonlinear stress dependency of
viscosity plays a most important role. In this respect we follow, confirm, and further develop the study by
Freed & B€urgmann (2004) and its extensions (Freed et al., 2006, 2007, 2010, 2012), which suggested about
10–20 times decrease of the viscosity in the mantle just after the earthquake. However, we show that vis-
cosity drop in the mantle during the earthquake can be as high as three to four orders of magnitude, i.e.,
much larger than previously suggested. Our model is supported by the recent discovery that the
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viscoelastic relaxation in the mantle has controlled postseismic deformation at least since one month after
the Great Tohoku earthquake and that the afterslip downdip of the main rupture zone might have been
substantially overestimated (Freed et al., 2017; Sun et al., 2014; Sun & Wang, 2015; Hu et al., 2016). However,
we infer that even at the time range from one hour to a month after the great earthquake, viscoelastic
deformation may be very active and therefore the deforming domain may be much larger than previously
thought and imaged with the conventional linear models. This finding may have implications for delayed
triggering of distant earthquakes (Freed, 2005) and volcanic eruptions. Furthermore, an increase of the
stress accompanied by the increase of dislocation density in the rocks of the mantle wedge during the
earthquake may increase seismic wave attenuation (Farla et al., 2012), thus diminishing the magnitude of
ground shaking during the great earthquakes.

Our models predict about 10–20 times change of viscosity in the mantle wedge from a month after the
great earthquake till the end of the seismic cycle, which is remarkably close to the viscosity change required
to fit surface displacements in the conventional models of viscoelastic relaxation.

We also note that our results demonstrate that there is no contradiction between extremely low mechanical
coupling (effective friction coefficient of 0.015) at the subduction megathrust in South Chile inferred from
the long-term geodynamic model (Sobolev & Babeyko, 2005) and the appearance of a sequence of the larg-
est earthquakes, like the Great Chile Earthquake of 1960.

From a comparison of our calibrated (a 2 b) RSF parameter with typical experimental values, we infer that
more than half of the observed friction drop during great earthquakes may result from other than RSF
friction-weakening processes, like flash heating and fluid pressurization. All conclusions of this study also
apply to the models with multiple friction-weakening mechanisms, like a combination of RSF and slip-
weakening mechanisms, which generate earthquakes with the similar average stress drops.

Finally, we note that although this particular study is focused at seismic-cycle time scale predictions, the
model is also ready to study the still poorly understood effects of the multiple seismic cycles on the long-
term deformation of the upper plate (Rosenau & Oncken, 2009; Wang, 1995) as well as for investigation of
effects of various subduction zone parameters on the maximal magnitude of earthquakes (Heuret et al.,
2011; Schellart & Rawlinson, 2013).

Giving credit to the model, we also admit that it certainly does not pretend fully to solve the extremely
complex problem of linking long-term and earthquake time scale processes in subduction zones. Our model
has several limitations due to its relatively low resolution, which does not allow it properly to model rupture
propagation and to model small earthquakes and slow-slip events occurring between main events. More-
over, the model is 2-D, which significantly limits its application to natural events. All these issues are a mat-
ter for future work.

Appendix A: Details of the Modeling Technique

A1.1. Long-Term Model and Transition to Short-Term Model
A1.1.1. Long-Term Model
We used a 2-D version of SLIM3D (Popov & Sobolev, 2008), which is a thermomechanical finite element
code based on the Arbitrary Lagrangian-Eulerian method, complemented by particle-in-cell technique. It
solves the coupled thermomechanical conservation equations of momentum, energy, and mass, and
employs nonlinear elastoviscoplastic rheology and true free-surface upper boundary condition. The govern-
ing equations in our models are:

a
DT
Dt

2
1
K

DP
Dt

5
@vi

@xi
; (A1)

@rij

@xj
1qgi5 q

Dvi

Dt
;

qCp
DTp

Dt
5kr2T1 _Evs

ij 1 _Epl
ij

� �
sij1A;

where rij is the Cauchy stress tensor, q is density, gi is gravity acceleration vector, Cp is heat capacity, T is
temperature, Tp is potential temperature, P is dynamic pressure, t is time, k is thermal conductivity, _Evs

ij is
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ductile creep strain rate tensor, _Epl
ij is plastic strain rate tensor, sij is the Cauchy stress deviator, A is the volu-

metric heat source, a is the coefficient of thermal expansion, k is thermal conductivity, K is the bulk modu-
lus, vi is velocity vector, and D/Dt is the substantial time derivative. Law of summation on repeating indexes
applies.

The inertial term q Dvi
Dt in (A1) is ignored in the long-term model, but is considered during modeling of

earthquakes.

The evolution of elastic, viscous, and plastic deformation is based on additive decomposition of the total
deviatoric strain rate ( _E) as:

_E ij5 _Eel
ij 1 _Evs

ij 1 _Epl
ij 5

1
2G

ŝ ij1
1

2geff
sij1 _c

@Q
@sij

; (A2)

where G is the elastic shear modulus, ŝ ij is the objective stress rate, geff is the effective viscosity, _c is the
plastic multiplier or plastic strain rate, and Q is the plastic potential function.

The ductile temperature-dependent and stress-dependent viscosity in our models simultaneously accounts
for the two creep mechanisms of diffusion and dislocation as follows:

geff5
1
2

sII _Ediff1 _Edisð Þ21; (A3)

where sII is the square root of the second invariant of the stress deviator and _Ediff and _Edis are the square
root of the second invariants of the strain rate tensors due to the diffusion and dislocation creeps, respec-
tively, which are defined as:

_Ediff5BdiffsIIexp 2
Ediff1PVdiff

RT

� �
; (A4)

_Edis5Bdis sIIð Þnexp 2
Edis1PVdis

RT

� �
; (A5)

in which Bdiff is the preexponential constant for diffusion creep, Ediff is the activation energy for diffusion
creep, P is pressure, Vdiff is the activation volume for diffusion creep, R is the universal gas constant, T is tem-
perature, Bdis is the preexponential constant for dislocation creep, Edis is the activation energy for disloca-
tion creep, Vdis is the activation volume for dislocation creep, and n is the power law exponent for
dislocation creep.

Brittle (plastic) deformation is incorporated using the Drucker-Prager failure model with the yield surface (F)
and plastic potential (Q) defined as:

F5sII2c2lP; Q5sII; (A6)

where l is the coefficient of friction and c is the cohesion.

The steady state creep parameters for diffusion and dislocation creep are determined by laboratory experi-
ments with major rock types. The table with rheological parameters used in this study is presented in the
Table A1 (Appendix A). We use typical thermal parameters for all rock types, Cp (heat capacity) of 1. kJ/(kg
K) for all materials, k (thermal conductivity) of 2.5 W/(m K) for crust, and 3.3 W/(m K) for mantle and A (radio-
genic heat production) of 1.5 nW/kg in continental upper crust, 0.2 nW/kg in continental lower crust, 0.02
nW/kg in oceanic crust, and 0 in mantle.

The model is 2-D, has horizontal dimension of 900 km and vertical (depth) dimension of 300 km. The finite
element size in most of the models is 3 km, but we have also computed high-resolution (finite element size
1.5 km) and low-resolution versions (finite element size 6 km) of our reference model.
A1.1.2. Transition to Short-Term Model
The typical integration time step in the long-term model is 10 thousand years, while the maximal time step
required for our short-term model is only a few years, so a time step change of more than 1,000 times is
required. While in the model with viscoplastic rheology change of time step does not lead to a change of
the stress field, in the model with elastoviscoplastic rheology the stress is changing. To take that into
account, we performed the following ‘‘time zoom-in’’ strategy. First, we fix kinematic boundary conditions
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at all boundaries except the surface (remaining to be a stress-free boundary) using the velocities from the
last time step of the long-term model. Then, we decrease the time step to five years and run the model till
the velocity field becomes identical to the velocity field of the long-term model at its last time step. Empiri-
cally, we have found that 300–500 5 years’ time steps are enough to get reasonable consistency of the
velocity fields of long-term and short-term models.

In our models, we try to keep the model shear zone as narrow as possible. Therefore, we delete channel-
phase markers in the parts of the channel (mostly in its uppermost part) where the channel in long-term
model becomes thicker than 3–5 elements. After that, the long-term model is run a few hundred thousand
years to reequilibrate the stress field.

A1.2. Modeling of Earthquakes
A1.2.1. Criterion for the Maximum Time Step
The maximum time step is defined to be small enough that RSF instability can develop. Assume for simplic-
ity a steady state RSF regime. In this case, change of slip velocity from slow velocity Vsl to fast Vft at time
step Dt will cause stress drop Dr

Dr5rn � b2að Þ� � ln Vft

Vsl

� �
; (A7)

which in turn can be related to the slip at the fault

Dr5C � G Vft � Dt
W

; (A8)

where C is constant of the order of unity, G is the shear modulus and W is the characteristic rupture distance
(width). Combining (A7) and (A8) we obtain the following simple equation for Y 5 Vft/Vsl

Table A1
Material Parameters for the Reference Model

Material

Diffusion
creep Log(B)

(1/(Pa s))
E

(kJ/mol)
V

(cm3)

Dislocation
creep Log(B)

(1/(Pa s))
E

(kJ/mol)
V

(cm3) n

Coefficient
of friction

l0*

Shear
modulus G

(GPa)

Model shear zone# n.a. n.a. n.a. 17.3/217.48 154 0 2.3 0.015 40
Oceanic crustxx n.a. n.a. n.a. 214.75 356 0 3.0 0.5 40
Oceanic lithospherexxx n.a. n.a n.a. 215.2 530 17 3.5 0.5 74
Upper continental crustx n.a. n.a. n.a. 228.0 223 0 4.0 0.5 36
Lower continental crustxx n.a. n.a. n.a. 214.75 356 0 3.0 0.5 40
Continental lithospherexxxx 210.59 300 9 214.7 480 12 3.5 0.5 74
Asthenospherexxxx 210.59 300 9 214.7 480 12 3.5 0.5 74

Note. xwet quartzite, Gleason and Tullis (1995); xxwet anorthite, Rybacki and Dresen (2000); xxxdry olivine, 10 mm
grain radius, Hirth and Kohlstedt (2003); xxxxwet olivine with water content of 1000 ppm H/Si, 10 mm grain radius, Hirth
and Kohlstedt (2003); #wet quartz Ranalli (1997). Cohesion is 10 MPa in all materials accept model shear zone, where it
is 2 MPa.

Table A2
Reference Frictional Parameters in Model Shear Zone

Parameter
All models

0<Z< 9 km

Reference
model

9 km<Z< 100 km

Ref. afterslip
model

9 km<Z< 43 km

Ref. afterslip
model

43 km<Z< 100 km

Combined
RSF-Slip weakening

models (1/2)

lst*, 0.015 0.015 0.015 0.015 0.015
lst 0.5 0.5 0.5 0.5 0.5
(a 2 b)* 0 241024 241024 241024 20.013
(a 2 b) 0 20.013 20.013 20.013 20.004
a* 0 1.61023 1.61023 81024 51024

A 0 0.053 0.053 0.027 0.017
Dl0* 0 0 0 0 0.005/0.007

Note. (L51 cm, 12 Pf
rn

� �
50.03, V0 5 7 cm/yr).
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cY5ln Y; where c5 C � G Vsl � Dt
W � rn � b2að Þ� (A9)

Equation (A9) has a solution only if value of c fulfills the following condition

c5C � G Vsl � Dt
W � rn � b2að Þ� �

1
e

5
1

2:72
: (A10)

That defines a maximum value of the time step at which RSF instability can develop

Dt <
W � rn � b2að Þ�

2:72C � G � Vsl
: (A11)

A1.2.2. Definition of the Minimum Time Step
As we do not model rupture propagation, we must assume some value for the minimum time step, Dtmin.
For the 2-D model, a reasonable guess for Dtmin would be earthquake rise time scaled with the rupture
width. For the great megathrust earthquakes that should be about several tens of seconds and much
smaller for the strike-slip earthquakes with much smaller rupture widths. It is important that the modeling
results do not depend much on the choice of Dtmin, as follows from the analysis below.

If in (A3) c� 1=e, then (A9) has two solutions

Y1 ffi 1 slowly creeping faultð Þ and Y2 ffi
1
c

ln
1
c

ln
1
c

� �
: (A12)

The second solution in (A12) represents fast slip during an earthquake. According to (A12), in
the first approximation, the fast slip velocity is inversely proportional to the value of c and hence
also to Dtmin. It means that stress drop during the earthquake (see equation (A7)) depends on the
logarithm of Dtmin and it changes only by about 5% if Dtmin changes by e times from 40 to 110 s,
� rn � b 2 að Þ� � Dr=ln Vft

Vsl

� �
� Dr=18.

At minimum time steps, we take into account the inertial term in (A1) in an explicit way during iterations.
The explicit procedure efficiently converges because even at our smallest time steps (7.5 s) in tests of the
modeling procedure (see below) the inertial term does not exceed a few percent of other terms in the
equation of momentum conservation in (A1).
A1.2.3. Test of Modeling Procedure by Comparison With a Known High-Resolution Solution
We test our modeling procedure by simulating a seismic cycle at a strike-slip fault in a setup similar to the
study by Lapusta et al. (2000) (supporting information Figure S1a). We aim to reproduce both solutions by
Lapusta et al. (2000) for the case of relatively large L 5 8 mm, h* 5 0.94 km, and relatively small L 5 2 mm,
h* 5 0.235 km. In the case of L 5 8 mm, h* 5 0.94 km Lapusta et al. (2000) obtained regular large events
with the recurrence time of about 100 years, while in the case of smaller L 5 2 mm, h* 5 0.235 km, they
obtained large events with a recurrence time of 70–80 years accompanied by much smaller events (with
seismic moments less than 5% of the large event’s moments) occurring some 20 years after the large
events. We assume depth distribution of RSF parameters a, b, and L as in the study by Lapusta et al. (2000).
Model finite element size is 0.1–0.3 km, which makes only about 0.7 grids at the smallest h* length, similar
to our models for the megathrust earthquakes. The maximum time step is defined as 1 year, which fulfills
condition (A11). We assume the smallest time step to be 7.5 s, about half of the rupture duration in Lapusta
et al. (2000). To recognize the appearance of instability, we monitor strain rates at the entire 24 km of fault
and run models with a value of CA parameter of 100%.

Our modeling procedure generates regular periodic sequences of large events with periods of about 100
years for h* 5 0.94 km (supporting information Figure S1b), and about 70–80 years for h* 5 0.235 km (sup-
porting information Figure S1c), very similar to the much higher-resolution models by Lapusta et al. (2000).
However, as expected, our algorithm is missing small events modeled by Lapusta et al. (2000) for
h* 5 0.235 km. Coseismic slip distributions for large events in our models (supporting information Figure
S1d) are also similar to the solutions by Lapusta et al. (2000). Note that our solution for h* 5 0.94 km lies
between quasi-dynamic (dashed green curve in supporting information Figure S1d) and fully dynamic solu-
tions (dashed blue curve in supporting information Figure S1d) by Lapusta et al. (2000). We conclude that
our modeling procedure successfully passes the test by comparison with the high-resolution solution
(Lapusta et al., 2000). Although we cannot reproduce small details of the solution, like small events, we do
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reproduce major features of the solution, including recurrence times and magnitudes of main events as
well as coseismic slip distributions.

A1.3. Robustness of the Models
A1.3.1. Model Convergence
Numerical tests show that changing the minimum time step by 2 times in both directions changes the aver-
age period and average moment of events by less than 4% (larger period and moment for the shorter time
step) in agreement with the theoretical analysis presented in the previous section. Two times increase of
grid size (to 6 km, low resolution), with all other parameters fixed, decreases the average 2-D seismic
moment of the earthquakes from 1.57 3 1017 N (reference resolution) to 1.27 3 1017 N (20% difference).
Two times decrease of grid size (to 1.5 km, high resolution) increases the average 2-D moment of the earth-
quakes from 1.57 3 1017 N to 1.66 3 1017 N that makes less than 6% difference (supporting information
Figure S2a). Note that this small difference is entirely due to the difference in the stress distribution in the
deep ductile-flow portion of the model shear zone. The width of the zone of the localized ductile flow is 1.5
times larger in the model with a grid size of 3 km (supporting information Figure S2c) than in the model
with a grid size of 1.5 km (supporting information Figure S2b). This results in a slightly shallower point of
brittle-ductile transition in the model with lower resolution; the consequence is slightly smaller seismic
events. This effect is easy to compensate by decreasing by 1.5 times the preexponential coefficient (B) in
the rheological model for the dislocation creep (equation (A5)) in the material of the model shear zone.
Results for this corrected model with the grid size of 3 km (blue symbols in supporting information Figure
S2a) are identical to the results of the high-resolution model.
A1.3.2. Effect of the Instability Criterion (CA)
Modeled recurrence time of earthquakes, seismic moment, stress drop and distribution of slip at the fault
do not depend on the value of CA criterion unless CA becomes less than some 30% or higher than some
180% for megathrust events (supporting information Figure S3). This demonstrates the robustness of our
procedure for identifying the appearance of instability and estimation of cumulative slip distribution.
A1.3.3. Stable Solutions at an Abrupt Decrease of Time Step at Earthquake
Despite the abrupt change of the integration time step in the modeling of the earthquake, we obtain stable sol-
utions. Supporting information Figure S4 shows strain rate fields and velocity vectors during several successive
time steps just before, during, and after the earthquake. One time step of 5 years just before the earthquake, we
obtain deformation pattern typical for the interseismic period (supporting information Figure S4a). At the next 5
years’ step, the critical instability is recognized (supporting information Figure S4b). In our modeling procedure,
this is a proxy for rupture nucleation. This step is recalculated with the small time step of 37 s. This and next
time step solutions (supporting information Figures S4c and S4d) are proxies for rupture propagation and arrest.
Solutions at next steps show decaying afterslip in the deep (rate strengthening) portion of the fault. All solutions
are stable and reproducible. Note the changing scales for strain rate and velocity vectors in Fig 4.

A1.4. Nonlinear Transient Cross-Scale (Reference) Models
Our reference model has the following parameters: Transient rheology parameter b 5 10, RSF parameters:
L 5 1 cm, b/(a 2 b) 5 23, (a 2 b)* 5 0 at the depth range of 0–9 km, and (a 2 b)* 5 24 3 1024 at depth
>9 km without depth limit (Table A2). The reference afterslip model has the same parameters as the refer-
ence model but (a 2 b)* 5 4 3 1024 at depth >42 km. All these models generate earthquakes with Mw
about 9.2–9.3 and are called ‘‘Mw 9.2’’ or ‘‘Mw 9.3’’ models.

By changing (a 2 b) to 21 3 1024 with all other parameters as in the reference models, we obtain an earth-
quake with about four times lower seismic moment. The corresponding models are called ‘‘Mw 8.9’’ models.

A1.5. Other Nonlinear Models
First, we explore the effect of transient rheology parameter b. Changing
b from 10 (reference model) to 1 (no transient rheology) affects defor-
mation during the first few weeks after the Mw 9.3 event, but after that
time the models are identical (Figure 8a). This means that the time
required to achieve steady creep in our models is less than 1 month,
i.e., is much smaller than the recurrence time of great earthquakes.

We also compute nonlinear transient models with different rheologi-
cal parameters (see Table A3). First, we vary the preexponential

Table A3
Mantle Rheological Parameters for Additional Nonlinear Transient Models

Parameter
Reference

model
Model

n3
Model

n4
Model
Bx10

Model
B/10

Model
B/10 ocean

N 3.5 3 4 3.5 3.5 3.5
Log(Bdis) wedge 214.7 212.2 217.7 213.7 215.7 214.7
Log(Bdis) ocean 214.7 212.2 217.7 213.7 215.7 215.7
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coefficient (B) in the rheological model for the dislocation creep (equation (A5)) by 10 times. The corre-
sponding model with B coefficient increased by 10 times we mark as the ‘‘Bx10’’ model and model with B
coefficient decreased by 10 times as the ‘‘B/10’’ model. Decreasing (or increasing) this coefficient by 10
times relative to the reference model is equivalent to decreasing (or increasing) the water content by about
8 times or decreasing (or increasing) the mantle temperature by about 90–1008C.

In the next set of models, we explore the effect of changing the stress exponent parameter n. In these mod-
els, we scale the preexponential coefficient B to keep viscosity constant at typical long-term (interseismic)
stresses in the asthenospheric wedge of s05105 Pa. The scaled B (n) is then defined by

B nð Þ5B 3:5ð Þ � s05105Pa
� �3:52n

; (A13)

where B(3.5) is the dislocation creep preexponential coefficient for the reference model with n 5 3.5
(B(3.5) 5 10214.7, see Table A1). Thus defined coefficients for the models with n 5 3 and n 5 4 are
B(3) 5 10212.2 and B(4) 5 10217.2, respectively.

We also computed the model with 10 times lower B coefficient in the oceanic part of the asthenosphere
than in the asthenospheric wedge, having in mind possibly lower water content in the oceanic mantle than
in the asthenospheric wedge (Masuti et al., 2016). The model is marked as the ‘‘ocean B/10’’ model. Rheolog-
ical parameters for the above models are given in Table A2.

A1.6. Linear Rheology Models
The linear transient model has a constant viscosity of 3 3 1018 Pa s in the asthenosphere, transient rheology
parameter b 5 10 and RSF parameters as in the reference model. The linear transient afterslip model (a
proxy for the conventional model) has a constant viscosity of 3 3 1018 Pa s in the asthenosphere (depth
>80 km), transient rheology parameter b 5 10 and RSF parameters as in the reference afterslip model. Lin-
ear steady models have the same parameters as linear transient models, but b 5 1, which leads to no tran-
sient viscosity changes (see equation (1)). To examine the effect of afterslip, we also computed a linear
transient model with wedge viscosity of 1019 Pa s and b 5 10 (see Figure 8c).

A1.7. Models With Both RSF and Slip-Weakening Friction
As half or more of the friction weakening may be in fact related to other than RSF type of friction-
weakening mechanisms (see Discussion in main text), we have also run models with (a 2 b) parameters of
1/3 of (a 2 b)* parameter in the reference model and additional linear slip-weakening friction law.

In these models, we replace equation (4) by the following equation

l�5l�st1a� � ln V
Vst

� �
1b� � ln HVst

L

� �
2Dl� Dð Þ; Dl� Dð Þ5Dl�0 �min

D
D0
; 1

� �
; (A14)

where D is the slip at any point of the fault during the first time step of the earthquake, Dl�0 is the maximum
non-RSF friction drop and D0 is a characteristic displacement. If the value of D0 is large enough (about a meter
or so), the additional friction drop takes place only during a large earthquake. We have run two models similar
to our reference model but with reduced (a 2 b)* 5 21.3 3 1024, and additional slip-weakening friction with
parameters Dl�0 5 0.005, D0 5 1 m (model 1), and Dl�0 5 0.007, D0 5 1 m (model 2) (see supporting information
Figure S5). These models generate seismic cycles with events with average 2-D moments of 1.25 3 1017 N
(model 1, equivalent to Mw 5 9.27 at rupture length of 800 km) and of 1.8 3 1017 N (model 1, equivalent to
Mw 5 9.37 at rupture length of 800 km). The recurrence times are about 250 years for model 1 and 400–450
years for model 2 (supporting information Figure S5). Stress drop varies between 2.5 and 3.5 MPa for the events
of model 1 and between 6 and 7 MPa for the events of model 2. In model 1, about 60% and in model 2, about
70% of the seismic moment is due to non-RSF friction-weakening processes. However, all major features of
these models are the same as in the reference model and hence all conclusions of the paper also apply.
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