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Abstract Geodetic data spanning different phases of the earthquake cycle offer insights into the
spatiotemporal interplay between processes driving surface deformation, such as viscoelastic relaxation,
afterslip, and (re)locking. However, quantifying their contributions and explaining pre- and post-earthquake
displacements with a single set of rheological parameters is challenging. We set up a 2-D earthquake cycle finite
element model that simulates the mantle and a thin low-viscosity shear zone with a temperature-dependent
linear Maxwell or nonlinear power-law rheology. We use the ensemble smoother with multiple data
assimilation to estimate ensembles of parameters describing the rheological makeup of the subduction zone. We
assimilate onshore and offshore displacement time series acquired before and after the 2011 Tohoku-Oki
earthquake. Our models provide a unique, robust solution using a temperature-dependent power-law rheology.
The estimated creep parameters for the mantle wedge deeper than ~50 km and sub-slab mantle align with
laboratory experiments. However, different creep parameters are required for the shallow part of the mantle
wedge than the deeper part to explain the observed postseismic response—highlighting the need for shallow
viscoelastic relaxation. The trade-off between water fugacity and activation energy hinders their individual
estimation but yields a well-constrained viscosity structure. The spatial distribution of vertical displacements as
well as the temporal signature of early postseismic horizontal displacements are required to estimate individual
parameters for afterslip and viscoelastic relaxation. Afterslip occurs downdip of the coseismic rupture. Near-
trench landward motion during the early postseismic period is driven by elastic stress release beneath the
oceanic plate and sub-slab asthenospheric flow.

Plain Language Summary We aim to understand the deep processes occurring around Japan's
convergent plate boundary before and after the magnitude 9.1 Tohoku-Oki earthquake in 2011. We employ a
mechanical model based on realistic subduction zone structures and temperatures. Model stresses can relax due
to flow. During the earthquake cycle, flow may occur due to rapid movement along a deep shear zone above the
subducting plate, or it may occur throughout the bulk of the asthenosphere. The speed of the flow is governed by
viscosity in our model. We estimate the viscosities of the shear zone and asthenosphere from the observed
surface deformation. A novel aspect of our study is that we can individually resolve the viscosities of the shear
zone and the bulk asthenosphere from the observations during the first 2 years after the earthquake.
Additionally, we find that the viscosities must be stress-dependent. Rapid flow naturally occurs beneath the
subducting plate, as is needed to reproduce observations of enhanced surface motions near the trench after the
earthquake. Relaxation of stresses that were inherited from before the earthquake results in slower flow than
reported in other studies.

1. Introduction

Over the last few decades, dense networks of geodetic instruments have been established around several sub-
duction zones. The rich variety of accumulated data from great subduction earthquakes, such as the 1960 Valdivia
earthquake, the 1964 Alaska earthquake, the 2004 Sumatra earthquake, and the 2011 Tohoku-Oki earthquake,
provides unique time windows into parts of the megathrust earthquake cycle. These time windows provide in-
sights into different phases of the earthquake cycle. Our knowledge of the interplay between mechanisms that
drive surface displacements throughout the earthquake cycle, such as megathrust (re)locking, coseismic slip,
afterslip and viscoelastic relaxation, has greatly improved with the advent of space-based geodesy (Avouac, 2015;
Govers et al., 2018; Wang et al., 2012). In this paper, we aim to capture the processes driving surface deformation
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during the interseismic and postseismic phases, using a consistent formulation of strain accumulation and release
throughout the megathrust earthquake cycle. We use data assimilation to estimate ensembles of rheological
parameters that explain both interseismic and postseismic observations of the 2011 Tohoku-Oki earthquake.

Recent modeling efforts highlight the role of megathrust geometry in strain accumulation and release, demon-
strating how variations in the dip angle and curvature of the subducting slab affect the slip distribution (e.g.,
Moreno et al., 2009), afterslip and stress relaxation of the mantle (reviewed in Govers et al., 2018). Advances in
computational power have allowed researchers to incorporate more realistic three-dimensional slab shapes into
their models (e.g., Pollitz et al., 2008; Suito & Freymueller, 2009; Wang et al., 2001), which continue to improve
with detailed mapping of the megathrust geometry (e.g., Hayes et al., 2018). Details in structural features such as a
cold nose (Luo & Wang, 2021) and the volcanic arc (Hu et al., 2014; Itoh et al., 2019) significantly influence
mantle fluid flow and the geodetic imprint. A better representation of mechanical properties and the geometry of
the megathrust and margin is essential for accurately determining the regional rheological makeup and the
spatiotemporal extent of subduction zone processes.

In numerical models the slab and overriding plate are frequently considered elastic throughout the earthquake
cycle, and the mantle wedge (MW) and sub-slab mantle are considered viscoelastic. Several rheological models
have been proposed for the mantle to describe different phases of the earthquake cycle. Typically, the rheological
models used are a linear Maxwell, linear bi-viscous Burgers, or nonlinear power-law rheology. A linear Maxwell
model is generally applied to conditions of steady-state deformation, whereas a Burgers model or a power-law
model is used to describe both transient and steady-state behavior. A Burgers model is a convenient mathe-
matical approach to approximate time-dependent mantle rheology, which consists of coupled Kelvin and
Maxwell elements that represent a transient and steady-state rheology. In a power-law rheology, viscosity de-
pends on stress (Melosh & Raefsky, 1980), in accordance with temperature-dependent laboratory-derived
constitutive relations (e.g., Kirby & Kronenberg, 1987).

Recently, a nonlinear Burgers rheology for the mantle, which combines elements of steady-state power-law creep
and transient power-law creep, has been inferred to explain postseismic deformation (e.g., Agata et al., 2019;
Masuti et al., 2016; Muto et al., 2019). Synthetic tests on a strike-slip fault have shown that a linear Burgers and a
power-law rheology may be indistinguishable from each other with geodetic data (Mallick et al., 2022).
Following the 2004 Sumatra earthquake, onshore trenchward postseismic displacements have been explained
using a Burgers or Maxwell rheology without afterslip (Pollitz et al., 2008; Tanaka et al., 2009), whereas
Hoechner et al. (2011) found that either a Burgers rheology without afterslip or a Maxwell rheology with afterslip
can explain the observed displacements. Hence, the choice of the mantle rheology affects the relative contri-
butions of afterslip and viscoelastic relaxation to observed surface deformation.

Apparent discrepancies emerge when determining the relative contributions of afterslip and viscoelastic relax-
ation to postseismic crustal deformation and whether they can be uniquely constrained (e.g., Hu & Wang, 2012).
Several postseismic studies published soon after the 2011 Tohoku-Oki earthquake have considered afterslip as the
common driving mechanism for the observed transient deformation within the first few months (Ozawa
et al., 2012; Perfettini & Avouac, 2014; Silverii et al., 2014). However, afterslip alone could not explain the near-
trench landward motion recorded by several seafloor stations that came online later, which strongly suggested that
viscoelastic relaxation is also required in the early postseismic phase (Sun et al., 2014; Watanabe et al., 2014).
Subsequent studies incorporating both afterslip and viscoelastic relaxation into their models have concluded that
these processes can be distinguished either spatially (Freed et al., 2017) or temporally (Fukuda & Johnson, 2021).
As noted by Fukuda and Johnson (2021), models including stress-driven afterslip typically find patches of
afterslip downdip of the coseismic rupture (Agata et al., 2019; Dhar et al., 2022; Fukuda & Johnson, 2021; Hu
et al., 2016), whereas studies incorporating kinematic inversions of afterslip identify northern and southern
patches of afterslip (Freed et al., 2017; linuma et al., 2016; Yamagiwa et al., 2015). These results indicate that the
modeling approach to afterslip greatly influences the reconstruction of afterslip.

Afterslip can be estimated using both kinematic approaches and physics-based approaches that describe the
mechanics governing slip. Solutions of kinematic inversions can result in a very good match with the observa-
tions. These solutions may yield unrealistic results because they may be inconsistent with stresses and material
properties. More realistic results may be obtained by computing afterslip using a physics-based approach. Stress-
driven afterslip of the 2011 Tohoku-Oki earthquake has been determined using frictional slip (e.g., Dhar
et al., 2022; Fukuda & Johnson, 2021; Muto et al., 2019) or viscous deformation (e.g., Hu et al., 2014; Hu
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et al., 2016). It has been suggested that the evolution of afterslip follows a power-law relaxation law, of which
linear creep and frictional slip are special cases (Montési, 2004). In the case of frictional slip, power-law relations
with high power exponents can be used to describe frictional deformation (Barbot, 2023; Montési, 2004). For
viscous deformation based on a power-law, the interplay between diffusion and dislocation creep becomes
important (Biirgmann & Dresen, 2008). The specific physical conditions of a shear zone (SZ) at the subduction
interface govern the relative importance of diffusion and dislocation creep and whether a particular type of
rheology may appropriately describe deformation.

Geodetic data show enhanced landward offshore motion above the rupture zone (Watanabe et al., 2014) and
enhanced landward onshore motion away from the rupture zone (Mitsui & Heki, 2013; Yuzariyadi & Heki, 2021)
after the 2011 Tohoku-Oki earthquake. A low-viscosity sub-slab layer was introduced by Sun et al. (2014), and
was shown by Suito (2017), to enhance landward near-trench motion above the rupture zone. Enhanced landward
onshore observations away from the rupture zone have also been attributed to viscoelastic relaxation of the
oceanic mantle (Sun et al., 2024). Postseismic power-law models have identified a temporary weak zone beneath
the oceanic plate (Agata et al., 2019; Dhar et al., 2022; Muto et al., 2019). Observational support for the weak sub-
slab layer comes from a reduction in seismic velocities beneath oceanic plates at approximately 80 km depth
(Kawakatsu et al., 2009). However, the viscosities invoked in previous postseismic models are extremely low,
sometimes lower than the viscosity in the hydrous mantle wedge. There is no consensus on the origin of this weak
anomaly and the time span of postseismic observations is too short for conclusions about its persistence. Proposed
explanations include a high partial melt fraction (Kawakatsu et al., 2009; Schmerr, 2012) or lithospheric
weakening of the slab due to bending (Freed et al., 2017). The question remains whether landward offshore
motion can be explained without the need of a persistent and very low-viscosity sub-slab layer.

Earthquake cycle models (Govers et al., 2018; Hirahara, 2002; Wang, 1995) provide the means to find a consistent
framework describing the rheology over the entire earthquake cycle. Previous work has applied earthquake cycle
models to explain observations at different phases of the earthquake cycle (e.g., Barbot, 2020; Hashima &
Sato, 2017; Julve et al., 2024; Li et al., 2020; Sobolev & Muldashev, 2017). The total stress state in a subduction
system continuously evolves throughout the earthquake cycle. Plate convergence at a locked megathrust fault
results in interseismic stress accumulation. This is (partly) released during the coseismic phase as the megathrust
unlocks. Additional stress on the megathrust interface is released in the form of afterslip. Coseismic slip and
afterslip induced stresses are relaxed in the asthenosphere and in some cases in the lower crust (e.g., Cheng
et al., 2022; Pena et al., 2020; van Dinther et al., 2019) postseismically. Processes on geological timescales, such
as mantle convection, also contribute to the total stress state in a subduction system. “Single event” modeling
approaches often fall short in describing the complex interplay of processes and mechanisms in earthquake cycles,
particularly in terms of pre-stress conditions and their influence on rheology (especially in the power-law case)
and postseismic behavior, which has not yet been investigated. Current earthquake cycle models can benefit from
the growing understanding of megathrust geometry (e.g., Hayes et al., 2018), (thermo-)mechanical properties
(e.g., van Keken & Wilson, 2023), and more accurate locking and coseismic slip distributions (e.g., Hashima
et al., 2016; Itoh et al., 2021; Moreno et al., 2009). This allows for better interpretation of the processes and
rheology that have a footprint in the observed surface deformation throughout the earthquake cycle.

In this paper we set up a two-dimensional (2-D) finite element earthquake cycle model of the Japan subduction
zone with either a linear or a power-law rheology of the mantle, shear zone, and lower crust. A priori information,
such as a realistic temperature field and a coseismic slip distribution, is integrated into the model. The power-law
dependence on stress necessitates a consistent approach that includes the approximation of pre-stresses that
cannot be given by models solely driven by coseismic slip. We follow a similar approach to Govers et al. (2018) in
the sense that pre-stresses are initialized during repeated earthquake cycles. Interseismic and postseismic ob-
servations are assimilated using the ensemble smoother with multiple data assimilation (ESMDA). We aim to
estimate a single set of parameters that describe the most appropriate rheological model for the mantle and shear
zone downdip of the megathrust. Using ESMDA, we quantify probabilistic uncertainties and identify parameter
trade-offs to investigate potential interactions between parameters representing afterslip and viscoelastic relax-
ation. Interestingly, our results indicate that significantly less viscoelastic relaxation from the sub-slab
asthenosphere is required to match landward motion of the near-trench region during the early postseismic
period. We propose another hypothesis to explain these observations, in which connectivity and cyclic loading of
deeper parts of the elastic slab and oceanic plate near the trench drive this landward motion.
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2. Analysis of Geodetic Observations
2.1. Parameterization of Interseismic and Postseismic Data

We use daily site coordinate solutions (Nakagawa, 2009) as part of the Global Navigation Satellite Systems
(GNSS) Earth Observation Network System, abbreviated as GEONET. These solutions are computed in
ITRF2005 (Altamimi et al., 2011) and are operated by the Geospatial Information Authority (GSI) of Japan. We
collect interseismic coordinates observed between 1 January 1997 and 1 May 2000, that is, to avoid contamination
by seismic swarms in mid-2000 (Japan Meteorological Agency, 2000). We fit the following parametric model for
each interseismic time series solution at each GNSS site using linear least-squares:

K
Xore (1) = Xo + Vot + a; sin(2xt) + a, cos (2xt) + by sin(4xt) + b, cos(4nt) + Z a0t — 1), (1)
k=1

where X,

represents the time since the start of the time series; x is the displacement at the start of the interseismic time

is the solution of the interseismic time series vector composed of east, north, and vertical components; ¢

series; vy is the steady deformation rate; a,, a,, b;, b, are annual and semi-annual seasonal coefficients; c is the
change in deformation due to a sudden event; 6 is the Heaviside function; and ¢, is the time of a sudden event. We
define the smoothed interseismic displacement vector as the steady deformation and subtract the deformation at
the start of the time series.

The M,, 9.0 Tohoku-Oki earthquake occurred on March 11. We use the GEONET F3 solutions (i.e., the processed
coordinates provided by the GSI of Japan) from 9 April 2011 to 9 April 2021. We do not include data from the first
month after the earthquake as more stations became online again later and aim to reduce the effects from
poroelastic rebound. We then fit the F3 solution of the postseismic time series, defined between 9 April 2011 and
9 April 2021, to the following equation which is modified from the fitting function of Tobita (2016) to include
steps and seasonal effects:

1 1 t’
Xoost (1) = Xo + vot’ +py ln(l + T—) +p, ln(l + r_) —p3<1 - exp(—;))
1 2 3
K @)
+ aj sin(2at’) + a, cos(2xt') + b} sin(4xnt’) + b}, cos(4xt’) + Z a0t — 1),
k=1

where Xp

ponents; ¢’ represents the time since the earthquake, x; is the deformation at the start of the postseismic time

ost 1S the F3 solution of the postseismic time series vector composed of east, north, and vertical com-

series; p;, p,, and p; are amplitudes; and 7, 7,, and 75 are characteristic decay times. The parameters x;,, p;, p», ps.
aj, ay, by, bj and ¢ are determined via linear least-squares regression. For the decay times we use 7; = 2.12 days,
7, = 287.5 days and 73 = 450,005 days for both the horizontal and vertical components (Fujiwara et al., 2022).
The smoothed postseismic displacements are the sum of the linear trend, two logarithmic functions, and one
exponential term, which represent contributions from locking, afterslip and viscoelastic relaxation. Subsequently,
all displacements are referenced to the FUKUE GNSS station (station ID 950462, 128.8°E, 32.7°N), which is
approximately 1,500 km away from the Tohoku-Oki earthquake epicenter, so that we can compare the data with
our model results with respect to a fixed upper plate. Finally, the amplitude of displacement on 9 April 2011 is
subtracted from later amplitudes to derive the smoothed 10-year postseismic time series of displacement since 9
April 2011.

Along with GEONET data, we compile seafloor time series from GNSS-Acoustic (GNSS-A) observations from
campaign survey stations operated by the Japan Coast Guard (JCG) (Yokota et al., 2018) and Tohoku University
(THK) (Honsho et al., 2019). For the THK data, only the horizontal component is available, and the data en-
compasses mostly September 2012 to May 2016. We estimate the postseismic deformation at the seafloor stations
in a similar fashion to the GEONET data. However, we do not separately estimate the interseismic trend as little to
no data is available before the earthquake. Instead, we estimate interseismic velocities from the linear trend in the
postseismic time series using linear least-squares regression. In our estimation, we make a few assumptions as the
data is temporally sparse. We do not consider seasonal variations and steps, that is, we set parameters ps, a, a;,
by, b} and ¢, to zero in Equation 2. We assume the same decay times for the logarithmic terms (z; and 7,) as the
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GEONET data. We disregard the exponential term as Fujiwara et al. (2022) found a large decay time (i.e.,
>1200 years) and assume that this term is captured by the linear trend. As the data time series of the THK data
spans mostly between September 2012 and May 2016, we can ignore short-term afterslip, and thus also set p; in
Equation 2 to zero for the THK data. The postseismic time series of the JCG data is taken as the sum of the linear
component and two logarithm terms. Then, we subtract the displacement on 9 April 2011 from the postseismic
time series to derive the smoothed postseismic time series of the JCG data between 9 April 2011 and 9 April 2021.
The postseismic time series of the THK data is the sum of the linear trend and one logarithmic term. We subtract
the displacement on 1 September 2012 to derive the smoothed postseismic time series of the THK data between 1
September 2012 and 30 April 2016.

2.2. Data Results for Interseismic and Postseismic Periods

To compare our two-dimensional model results to the data, we only select data within 50 km north and south of
the transect (Figures 1a and 1b). Following Marsman et al. (2023), this transect was selected as it coincides with
the center of the interseismic locked region inferred by Loveless and Meade (2011), as well as the region of most
coseismic slip (Loveless & Meade, 2011) and postseismic motion (Nishimura, 2014; Ozawa et al., 2012). We
define the division between the forearc and backarc at 300 km from the trench, that represents a simplified
volcanic arc in 2-D (pink dashed lines, Figure 1a). We show the postseismic time series of select stations located
near the trench, in the forearc, in the backarc and around the volcanic arc (Figures le—1h). The results of the
parameterized time series for all stations along the swath profile can be found in Figure S7 in Supporting In-
formation S1. For the assimilation, we compile a data vector d consisting of sampled observations of the
smoothed interseismic and postseismic time series. We sample the 3.4-year interseismic time series every
4 months and sample the 10-year postseismic times series every 60 days during the first 2 years and every
120 days between 2 and 10 years after the earthquake.

The resultant GEONET interseismic velocities exhibit landward motion, with horizontal velocities of ~50 mm/yr
on the eastern coast and ~20 mm/yr on the western coast within the transect (Figures la and 1c). Interseismic
GEONET vertical velocities show subsidence in the forearc and uplift in the backarc within the transect
(Figures 1a and 1c). These vertical GEONET velocities agree with rates derived from leveling data from the past
100 years (Sasajima et al., 2019). Although a general pattern can be found in the interseismic vertical velocities,
they have a much lower signal-to-noise ratio than the interseismic horizontal data (Figures le—1g). Additionally,
sources other than tectonics may be present in the data, such as groundwater extraction causing land subsidence
(e.g., station 0556 at 319 km from the trench, Figures 1c, Sasajima et al. (2019)). The postseismic seafloor data
mostly show landward motion (Figures 1b and 1d) at rates faster than the convergence rate (Watanabe
et al., 2014), which indicates viscoelastic relaxation of the sub-slab asthenosphere (e.g., Govers et al., 2018).
However, seafloor station MYGW and the GEONET data show trenchward motion, which is an imprint from
viscoelastic relaxation of the mantle wedge and afterslip. The postseismic verticals show a more complex
behavior with subsidence near the trench, coastal uplift on the eastern side and again subsidence in the backarc
(Figures 1b and 1d).

3. Methods
3.1. Data Assimilation
3.1.1. Inverse Problem Formulation

As mentioned earlier, we intend to capture the processes driving surface displacements during the interseismic
and postseismic phases. To do so, we aim to constrain a single set of model parameters (see Section 3.2) that
control both interseismic and postseismic deformation, based on afterslip and bulk viscoelastic relaxation. We use
data assimilation to estimate these parameters based on surface observations from before and after the 2011
Tohoku-Oki earthquake.

We adopt the ESMDA introduced by Emerick and Reynolds (2013) and use the ESMDA formulation by
Evensen (2019) in our estimation problem. We denote the vector containing the unknown model parameters as ©.
The nonlinear forward model operator m translates the parameters into model outputs and the measurement
operator h maps model outputs into the observation space. The vector function g represents both the application of
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Figure 1. (a) Interseismic velocities. Red triangles indicate active volcanoes (Japan Meteorological Agency, 2013). The pink dashed line represents the simplified
division between the forearc and backarc at 300 km from the trench. The thick black line shows the location of the middle of the swath profile, taken parallel to the
relative plate motion direction, dashed lines indicate the width of the swath. (b) Cumulative 10-year postseismic displacements. Gray lines indicate the coseismic slip
distribution from Hooper et al. (2013). (c) Interseismic velocities along the swath profile with a half-width of 50 km. Black and green colors represent the horizontal and
vertical components. Error bars represent the total observation error of 1 cm (Section 3.3). (d) Cumulative 10-year postseismic displacements along the swath profile
with a half-width of 50 km. Error bars represent the total observation error of 7 cm (Section 3.3). (e)—(h) Time series of GNSS displacements (offsets and seasonal
components removed, indicated with dotted markers) and the smoothed times series (solid lines) at selected stations: 0196, 0550, 0035, and MYGI, respectively. The
shaded bands represent the observation error of 7 cm. Sign convention: trenchward and upward motion are positive, whereas landward and downward motion are
negative.

the forward model and measurement operator to generate model equivalent measurements, g(-) = h(m(:)). We
can relate the observed data d to the true model equivalent of the observations y™® = g™¢(©"") through

d= glrue ((_)true) +e, (3)

in which g™ encompasses the perfect model (i.e., there are no model errors) and e represents the measurement
errors. Measurement errors are assumed to be normally distributed, that is, ¢ ~ N'(0,Cq4), where the error-
covariance matrix Cyq describes the variance of the measurement errors. As with any other model, our model
is imperfect (i.e., g # g"™°) and thus model errors q arise, which are inherently unknown. The model equivalent of
the observations y can be written as a function of the parameters ® and the model errors q, such that
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y = g(0,q). )

However, in our study we assume that model errors are ascribed to the observation error (e.g., Koohkan &
Bocquet, 2012; Marsman et al., 2023). The observation error consists of representation errors, that is, discrep-
ancies between model equivalent observations and actual observations, and instrumentation errors (e.g., Marsman
et al., 2023). Thus, the model equivalent of observations are only a function of the parameters:

y = g(0). Q)

The state vector contains the unknown quantities to be estimated. In our study, the state vector contains the
unknown parameters and is defined as z = [®]". Through Bayes' theorem, we define the posterior probability
density function (pdf) of the state vector z given the observed data d as

p(zjd)  p(z) p(d|z), ©)

where p(z) is the prior pdf of the parameters and model errors. We assume Gaussian distributions for the state
vector and likelihood pdfs, that is, p(z) ~ N(z/,C,,), and p(d|z) = p(e) ~ N(0,Cy4q) where z/ is the prior
mean and C,, is the covariance matrix of the state vector elements. The posterior can be expanded as follows:

pO1) = exp-3(6— 0/)'Cgh (0~ )] x expl—3((0) ~ €3 @) - )], )

where the superscript f stands for the prior mean and Cgg is the covariance matrix of the parameters. To find the
set of parameters that best explain the observations, the posterior p(®|d) needs to be maximized, which is
equivalent to minimizing the cost function

J(©)=(0-0/)Ce(0-0') + (g0) —d)'Cy (g(®) - d). (8)

There are various methods available to minimize the above cost function to solve or approximate the posterior
distribution p(@®|d), such as the ensemble smoother, ESMDA, or an iterative ensemble smoother. For an overview
of these aforementioned methods we refer the reader to a book (Evensen et al., 2022) or the comparative study by
Evensen (2018). A smoother is particularly well-suited for estimating model parameters in an earthquake cycle
model, as smoothers estimate the state of a system from past, current and future observations, yielding a more
accurate representation of earthquake cycle dynamics. We use ESMDA to approximately sample the posterior
distribution p(@®|d), as explained in the next section. The method is computationally efficient, is easy to
implement and can deal with nonlinear models to some extent.

3.1.2. The Ensemble Smoother With Multiple Data Assimilation

In ensemble methods, the prior, likelihood and posterior pdfs are approximated by an ensemble of parameters. By
minimizing the solutions of an ensemble of cost functions, ensemble methods can provide approximate samples
of the posterior pdf (Evensen, 2018). The main idea of ESMDA is to assimilate the same data set multiple times
with an inflated covariance matrix of measurement errors to obtain an approximation of the posterior pdf. First,
the likelihood function is adjusted as follows:

Nnda

L Ninga

plakt) s o) ) = p@p(al) % wimn 3% L= ©
2 4,

where N4, is the number of data assimilation steps and ¢, is the inflation factor at data assimilation step i. Because
multiple steps are introduced, the covariance matrix needs to be inflated to account for the fact that in each
subsequent data assimilation step, the prior contains information from the observations. As a result, perturbed
measurements are introducedd;; = d + e;;, with sampled measurement perturbations e;; ~ N (0, a;,.,C dd) for
each ensemble member denoted with subscript j. The cost function J for each new step becomes
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J(®j,i+l) = (@)j,i+1 - @)j.i)TCc:xla (@)j,i+1 - @j,i)

: | (10)
+ (g(Q;,i+1) —d—fai, ej,i) (@ir1Caa) (g(@j,iﬂ) —d — oy, ej,i)'

The procedure for ESMDA is summarized as follows. ESMDA starts with an initialization (i = 0) of the un-
known parameters: ©;;_o ~ N (G)f ,C@)@). The number of data assimilation steps needs to be established be-
forehand to initialize the set of inflation coefficients (Emerick & Reynolds, 2013). The inflation coefficients are
defined according to the scheme by Evensen (2018):

Ninga
a,:a;(z%) an

and
a/
@y = (12)
Ageo
where we set a,., = a;_y = 1.0 such that a;,, = 1. After initialization, a number of steps follow that each

consist of a forecast step and an analysis step (see e.g., Marsman et al. (2023)).

In the forecast step, the forward model is run for each ensemble member, the model outputs are taken at the same
space-time locations as the data, to obtain the prior ensemble of model equivalent observations

Y = 8(0;,). (13)
In the update step, the model parameters are updated according to
i i -1

041 = 0;; + Co (Cy + @i11Caa) (d+e;—y;;) (14)

The cross-covariances matrices between the model parameters and the data, C{ay, and the auto-covariance matrix

of the model equivalent observations, C;y, are computed at each data assimilation step as

i 1 & — _
Coy=y—1 Z:,(G),-,,- -0) (v~ %)
e =
~ 1 X : 15)
Cy=v_7 Z(Yj,i -¥) (v — y)'.
N, - 14

where the overbars denote the ensemble mean. Then, the next data assimilation step takes place, and the forecast
and update steps are repeated. The procedure is repeated N,q, — 1 times until the final ensembles approximating
the posterior pdfs of @ are obtained.

3.2. Forward Model Setup

We use a two-dimensional (2-D) earthquake cycle model for northeast Japan (Figure 2a). We choose a 2-D
forward model for its computational efficiency, enabling us to explore a wide range of the parameters using
data assimilation, as opposed to a more resource-intensive 3-D model. To reduce the 2-D effects on our inter-
pretation of the results, we limit the scope of our results to the 100 km wide swath profile defined in Figure 1a. We
use the finite element code GTECTON (Govers et al., 2018; Govers & Wortel, 1993) to solve the momentum
equation for visco-elastic plane strain (Melosh & Raefsky, 1983). The model consists of an overriding plate
(including an upper- and lower crust, each 15 km thick), a 60 km thick slab, an oceanic mantle, a mantle wedge,
and a thin low-viscosity shear zone with a thickness of approximately 3 km to accommodate afterslip (Figure 2a).
Afterslip has mostly been found in adjacent areas to the coseismic rupture zone (Avouac, 2015). For the 2011
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Figure 2. (a) 2-D model setup. The inset on the lower right corner shows the coseismic slip for the spin-up phase and the last earthquake. A, E, and n are the pre-exponent
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80 km depth, respectively. (b) The temperature model (Morishige, 2022), which is used as input to compute the effective viscosity in viscoelastic domains.

Tohoku-Oki earthquake, coseismic slip and afterslip areas have been shown to complement one another (linuma
et al., 2016). However, some overlap between afterslip and the coseismic rupture has been identified (Johnson
et al., 2012; Ozawa et al., 2012; Perfettini & Avouac, 2014; Silverii et al., 2014). Moreover, historically reoc-
curring earthquakes can illuminate areas of afterslip, which have been documented downdip of the 2011 Tohoku-
Oki rupture zone (Uchida & Matsuzawa, 2013). Based on estimates of the depth beyond which the slab and
mantle wedge are mechanically coupled (Wada & Wang, 2009), afterslip is commonly assumed to extend to 70—
80 km depth (Dhar et al., 2022; Freed et al., 2017; Fukuda & Johnson, 2021; Ozawa et al., 2012; Sun et al., 2014).
The narrative for this assumption is that afterslip is unlikely to persist below 80 km depth due to the increased
temperature at these depths. Additionally, previously published afterslip inversions show little to no afterslip
beyond 80 km depth (Iinuma et al., 2016; Yamagiwa et al., 2015) and the depth beyond which the slab and mantle
wedge appear to be mechanically coupled has been constrained by heat flow data in Northeast Japan to 80 km
depth (Morishige, 2022; Morishige & Kuwatani, 2020). We consider this depth as the maximum depth of afterslip
in our model. We allow afterslip on a shear zone downdip of the rupture zone between 40 and 80 km depth. We
test several configurations with one, two, or four shear zone segments and find that four segments are necessitated
by the data (Text S1 in Supporting Information S1). We adopt the slab geometry of Zhao et al. (1997), which was
also used to derive the temperature field in Morishige (2022) that serves as an input in our models (see below). We
consider the geometry of the megathrust well-constrained, and thus do not investigate the role of the geometry on
interseismic and postseismic deformation. To avoid boundary conditions at the model edges (except for the
velocity boundary conditions around the slab) to affect our results, the model extends 1,000 km to the west and
400 km to the east (with respect to the trench) and to a 500 km depth.

Elastic heterogeneity affects coseismic deformation (Hashima et al., 2016). We adopt an elastic heterogeneous
structure similar to Hashima et al. (2016) by assigning different Young's moduli to the overriding plate (87.5 and
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875 GPa, near- and far-field, respectively), the slab (212.5 GPa) and the mantle (162.5 GPa). We assume a
uniform Poisson ratio of 0.25. A compliance contrast in the overriding plate is incorporated at 425 km from the
trench (D'Acquisto et al., 2023) to represent a stronger backarc region (Figure 2a). The far-field value of the
Young's modulus for the overriding plate is 10 times higher than the near-field value, based on pilot tests to fit
interseismic observations (Figure S8a in Supporting Information S1). We note that the coseismic model we adopt
(see below) uses a different elastic structure, but we find an acceptable fit with the coseismic observations (Figure
S8b in Supporting Information S1). The far-field value of the Young's modulus of the overriding plate does affect
the postseismic results (Figure S8c in Supporting Information S1). However, investigating the influence of the
plate compliance considering the imposed rheology, is beyond the scope of this work.

Deformation of the model is driven by velocity boundary conditions along the up- and downdip ends of the
oceanic plate/slab. We impose a velocity of 83 mm/yr for the subducting Pacific plate relative to the North
American plate at the Tohoku margin (DeMets et al., 2010). We expect that passive mantle convective flow is
excited by slab motion with velocities that depend on the mechanical coupling of the slab and the surrounding
asthenosphere. We fix the side of the overriding plate to represent the strong far-field lithosphere. The mantle
edges are considered flow-open, but we add the following boundary conditions to decrease the spin-up time: we
only allow horizontal motion in the shallow parts of the mantle wedge (<100 km depth) and oceanic mantle
(<250 km depth) edge domains and slab-parallel motion around the downdip edge of the slab. We apply Winkler
pressures (Govers & Wortel, 1999; Wu, 2004) on the upper surfaces of the oceanic and continental plates to
simulate buoyancy representing isostatic forces resulting from vertical displacements of density interfaces (2,200
and 3,200 kg/m3, for the oceanic and continental plates, respectively).

We define the seismogenic part of the megathrust between 0 and 40 km depth. We apply the split-node technique
(Melosh & Raefsky, 1980) to simulate coseismic slip. The seismogenic zone is locked throughout the interseismic
and postseismic phases and unlocked during the coseismic phase. It is important to address pre-stresses into our
modeling as the pre-stress conditions may influence the rheology and thus postseismic behavior, especially when
modeling stress-dependent viscosity. To represent the long-term background stress field, we build up pre-stresses
in the model over multiple earthquake cycles until pre-stresses are considered steady, that is, the spin-up phase.
We do that by kinematically imposing coseismic slip in our models. During the spin-up phase we release all
accumulated slip deficit over the entire fault for each cycle, which is equal to the recurrence period times the plate
convergence rate. Steady-state stresses are well achieved within the first 9 cycles. We tailor the last earthquake
(the 10th cycle) to match the observed coseismic slip of the 2011 Tohoku-Oki earthquake. Note that the accu-
mulated slip deficit prior to the Tohoku earthquake is consequently equal to the recurrence period times the plate
convergence rate as we do not release slip deficit in some other form, such as foreshocks. We disregard the effects
of this residual slip in our results and assume that this will have minimal consequences for the postseismic period
we analyze. We adopt the coseismic model of Hooper et al. (2013), which is based on a joint inversion of GNSS,
seafloor and tsunami data. We compute an average coseismic model based on 10 equidistant profiles defined
within 50 km of the transect in Figure 1a. We taper the coseismic slip of the averaged model between 30 and
40 km to remove effects of afterslip as the data used in the inversion of the coseismic model contains some early
postseismic data (see inset Figure 2a). Moreover, coseismic slip beyond 40 km depth results in a bad fit with
coseismic observations, particularly onshore subsidence is overestimated by 1-2 m (Figure S9 in Supporting
Information S1). The maximum slip we impose is 58.6 m at 9 km depth. The earthquake recurrence period is set to
706 years to match the maximum slip considering the plate convergence rate, which agrees with a recurrence
period of 500-900 years of great earthquakes along the Japan trench (Usami et al., 2018). Similar to D'Acquisto
et al. (2023) we identify a residual displacement accumulated over several earthquake cycles due to geometry
changes of a curved slab from a model with free slip along the entire interface (i.e., no locking and no earth-
quakes). The residual does not affect horizontal deformation, whereas it is significant for interseismic vertical
displacements (at most 3.4 mm/yr at the eastern coast) (Figure S10 in Supporting Information S1). We remove
this residual from our model results for the last earthquake. Note that with this correction applied, the net surface
displacement over one cycle (prior to the Tohoku earthquake) is zero.

Stress-driven afterslip is commonly modeled based on either stable frictional behavior (e.g., Marone, 1998;
Marone et al., 1991) or viscous deformation (e.g., Biirgmann & Dresen, 2008; Montési, 2004; Montési &
Hirth, 2003). In our study, we do not aim to constrain the frictional properties of the megathrust fault. We can
model stress-dependent afterslip using a convenient method based on viscous deformation, which can produce
similar results for postseismic deformation (Hearn et al., 2002). Instead, we model stress-driven afterslip using a
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ductile shear zone with either a linear or power-law creep rheology. The interplay between diffusion (i.e., linear)
and dislocation creep (i.e., nonlinear) is relevant for viscous deformation; diffusion creep dominates in case of
small grain sizes or small stresses, while dislocation creep dominates in the case of large grain sizes or high
stresses (Biirgmann & Dresen, 2008). Brittle processes in low-temperature regions reduce the grain size and thus
enhance diffusion creep (e.g., Montési & Hirth, 2003). The presence of water also enhances diffusion (Karato
et al., 1986). We can expect high water content and small grain sizes along the subduction channel, especially
downdip of the coseismic rupture, making diffusion creep important. However, large stresses and an increase in
temperature may facilitate dislocation creep. Moreover, the impact of (coseismic) stress on grain size evolution
can influence the relative importance of the two creep mechanisms (Montési & Hirth, 2003). In this study, we
focus on modeling a single mechanism, assuming that either diffusion or dislocation creep will dominate, rather
than modeling the interaction between the two.

We assume that the plate interface immediately undergoes a transition from brittle to ductile creep downdip of the
seismogenic zone. In the power-law case, we describe the effective viscosity 55, within the shear zone with

| -
’752=§ASZI‘7115 =, (16)

where Agy is the pre-exponent factor of the shear zone, of is the effective shear stress (defined as the second
invariant of the deviatoric stress tensor) and rngy is the stress power of the shear zone. In our models, we assume
that ngy is the same for all four shear zone segments, but we allow for different values of Ag;. The reasoning for
this is that we do not expect large variations in ngy along the shear zone, but the temperature, water content and
shear zone width can significantly change along the shear zone which is represented by Agy. In the linear case, ngy

is set to 1.0 and the term %Agzl becomes equivalent to the effective viscosity.

Laboratory tests suggest that mantle flow is driven by dislocation creep (Karato et al., 1986). Moreover, a power-
law rheology successfully explained postseismic observations of the 1992 Landers and 1999 Hector Mine
earthquakes (Freed & Biirgmann, 2004). Previous postseismic models of the 2011 Tohoku-Oki earthquake have
successfully incorporated a power-law rheology with dislocation creep as the driving mechanism for viscoelastic
relaxation (Agata et al., 2019; Dhar et al., 2022; Muto et al., 2019). We describe the rheology in the mantle using a
Maxwell element with a steady-state stress-dependent power-law flow. The effective viscosity #,, in the mantle of
the power-law flow is

1 _ E
M = ~An "' op ™ exp (—m) a7

where A, is the pre-exponent factor in the mantle, E,, is the activation energy, R is the gas constant, and T is the
temperature. We adopt the thermal structure of Morishige (2022), which is constrained by surface heat flow and
bathymetry observations. In the thermal model, the depth where the slab appears to be decoupled from the
overriding mantle wedge is defined at 80 km. This leads to the formation of a cold nose. The thermal structure of
Morishige (2022) extends 100 km east from the trench, 560 km west from the trench and the bottom is at 200 km
depth. We extend the thermal structure in the eastern and western directions to 500 and 1,000 km, respectively,
using the given temperature at the boundaries of the thermal model. Additionally, we extend the temperature at the
bottom boundary toward 500 km, assuming a constant slab angle for simplicity.

We use the geodetic data to constrain the pre-exponent factor and activation energy and make informed as-
sumptions about their spatial variability as much as possible. First, we adopt a single value for the activation
energy for the viscoelastic domains in the upper mantle in our model. The activation energy is a material property
that depends on whether the rock deforms by dislocation creep or diffusion creep (e.g., Hirth & Kohlstedt, 2003).
Shear wave splitting observations lend overwhelming support to the notion that the upper mantle is seismically
anisotropic (Karato, 2008). Olivine is the most relevant mineral for the rheology of the upper mantle because it is
the most abundant mineral and mechanically the weakest. Under both laboratory and field conditions, it develops
a strongly anisotropic microstructure due to deformation by power-law creep, not diffusion creep (Karato &
Wu, 1993). Consequently, shear wave splitting observations are often interpreted as evidence for power-law creep
in the upper mantle. Reported variations in E, (e.g., 410-600 kJ/mol; Hirth & Kohlstedt, 2003; Karato &
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Jung, 2003) have limited impact on the viscosity structure in comparison to the variations in temperature (e.g.,

400-1380°C (Figure 2b, Figure S11 in Supporting Information S1). Hence the temperature structure dictates the

spatial variability in exp (%’T) in Equation 17. By adopting a single activation energy for the viscoelastic domains

in the upper mantle, we simplify our model while ensuring it remains consistent with the dominant deformation
mechanism and observational constraints.

Second, we assign three distinct pre-exponent factor values across the upper mantle. This spatial division is
justified by significant spatial differences in water fugacity driven by the dewatering of subducted sediments and
oceanic crust (Karato, 2008). To account for this, we introduce distinct pre-exponent factors for the mantle wedge
and the (likely drier) sub-slab mantle (Figure 2a). We also include a division in the mantle wedge following the
800°C isotherm to distinguish between pre-exponent factors for the shallow and deeper parts of the mantle wedge,
to achieve a better match with the observations (see results in Section 4.2). Other configurations, such as defining
the division at the 900°C, 1,000°C or 1,100°C isotherms, have minimal effects on our results. The data assim-
ilation process determines whether the pre-exponent factors need to vary between the shallow and deeper parts of
the mantle wedge and the oceanic mantle. We thus define the parameters A,,, A, and A,, as the pre-exponent factor
for the deeper mantle wedge, shallow mantle wedge, and oceanic mantle, respectively. For the nonlinear case, we
set the stress power of the mantle n,, to 3.0, which is a typical value for olivine, the main constituent of mantle
material (Ranalli, 1987).

3.3. Experimental Setup

One model run (using 6,621 time steps, including spin-up) takes about 3 hr on a single core of an AMD EPYC
7543 processor running at 2.8 GHz. Our models are thus computationally inexpensive. We run 100 simulations in
parallel for each data assimilation step. Since we use four data assimilation steps, one entire data assimilation
experiment takes about 12 hr when our simulations are run in parallel. This allows us to run several data
assimilation experiments to investigate the effects of having different settings of the parameter space. We
assimilate interseismic and postseismic geodetic observations described in Section 2.2. With these experiments,
we aim to find (a) an appropriate rheology for the mantle and shear zone, and (b) whether afterslip and viscoelastic
relaxation each have a unique signature on the surface displacements. An overview of all data assimilation ex-
periments is presented in Table 1. The Gaussian approximation of the prior and posterior pdfs of each experiment
can be found in Tables S1 and S2 in Supporting Information S1.

First, we present our best-fit results obtained with a power-law rheology of the mantle as well as the shear zone
(Experiment 4, Section 4.1). The unknown parameters are the pre-exponent factor of the mantle wedge (A,,), the
pre-exponent factor of the shallow mantle wedge (A;), the pre-exponent factor of the oceanic mantle (4,), the
activation energy of the mantle (£,,), the pre-exponent factor of each of the shear zone segments (Agz;, Aszr, Asz3s
Agz4) as shown in Figure 2a. Since the pre-exponent can vary across several orders of magnitude, we use the base
10 logarithm to estimate the pre-exponent factor. These unknown parameters are included in the state vector for
Experiment 4:

z = [log,g (A,,).log;o (A,).10gyo (A,). E;. 1080 (Asz1 ). 10gig (Asz). 1081 (Asz3). 10g o (Asza)] " - (18)

Note that the unknown parameters included in the state vector may vary per experiment. Then, we investigate the
effect of having lower viscosities in the shallow part of the mantle wedge by introducing a division in the mantle
wedge (Experiments 4 and 5, Section 4.2). Subsequently, we focus on the rheology of the mantle and the shear
zone in terms of a power-law or linear Maxwell creep (Experiments 1 to 4, Section 4.3). We fix the stress power of
the mantle and shear zone. We purposely do not rely on a single experiment with a varying stress power, as this
would require us to explore a wide range in parameter values corresponding to both linear and nonlinear creep and
thus increasing the ensemble size. We thus run several experiments with realistic values of the stress power. In
case of linear creep in the shear zone, we replace the creep parameters of the shear zone (Asz;,Aszo,Asz3,Asz4)
with the Newtonian viscosities in each of the shear zone segments (175, 77572, #1s73» 1sz4) in the state vector. For a
linear Maxwell rheology of the mantle, we estimate the pre-exponent factor in each part of the mantle. This way,
the viscosity structure in the mantle is still temperature-dependent and thus spatially heterogeneous.

Subsequently, we explore potential trade-offs between parameters representing afterslip and viscoelastic relax-
ation. We find that correlations between these parameters are better represented when we fix the activation energy
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Table 1
Description of Data Assimilation Experiments

Size state Mean and st. dev. of cost Mean and st. dev. of data cost
Exp. ID Description vector function ensemble function ensemble
1 0043 Linear creep in the mantle and shear zone 8 1.6627 £ 0.91 0.1617 = 0.04
2 0044 Linear creep in the mantle and power-law creep in shear zone 8 2.1975 + 0.98 0.3086 =+ 0.07
3 0001 Power-law creep in the mantle and linear creep in the shear zone 8 0.4733 + 0.35 0.0692 + 0.03
4 0009 Power-law creep in the mantle and shear zone 8 0.4284 + 0.39 0.0705 + 0.04
5 0012 Same as Exp. 4, but without a division in the mantle wedge 7 0.2969 + 0.30 0.0728 = 0.04
6 0013 Same as Exp. 4, but set E,, = 420 kJ/mol 7 0.1376 = 0.07 0.0591 = 0.02
7 0014 Same as Exp. 3, but set E,, = 420 kJ/mol 7 0.1152 = 0.14 0.0498 = 0.01
8 0016 Same as Exp. 4, but we include ng; in the state vector 9 0.4534 + 0.29 0.0805 + 0.03
9 0005 Same as Exp. 4, but set ng; = 2.0 8 1.1682 + 0.66 0.1355 = 0.07
10 0006 Same as Exp. 4, but set ng, = 3.0 8 0.6361 + 0.42 0.0795 + 0.04
11 0007 Same as Exp. 4, but set ng, = 4.0 8 0.3170 + 0.28 0.1144 + 0.02
12 0008 Same as Exp. 4, but set ng; = 5.0 8 1.1682 + 0.66 0.1356 = 0.07
13 0077 Same as Exp. 15, but the shear zone viscosity is temperature-dependent. 6 0.7614 = 0.65 0.0878 = 0.48
14 0078 Same as Exp. 13, but we include 4 shear zone segments 9 0.4371 = 0.30 0.0826 = 0.05
15* 0039 Same as Exp. 4, but we only include 1 shear zone segment 5 0.7387 = 0.76 0.0692 = 0.03
16" 0040 Same as Exp. 4, but we only include 2 shear zone segments 6 0.4838 + 0.46 0.0674 = 0.03
17 0076 Same as Exp. 4, but A;¢, E;¢, n;c are added to the state vector 11 0.3021 + 0.08 0.1164 = 0.01
18" 0071 Same as Exp. 17, but fix the lower crust stress power to n;c = 1.5 10 0.3117 £ 0.24 0.1018 = 0.02
19" 0072 Same as Exp. 17, but fix the lower crust stress power to n;¢c = 2.0 10 0.3546 + 0.32 0.1090 = 0.02
20" 0073 Same as Exp. 17, but fix the lower crust stress power to n;¢c = 2.5 10 0.2902 + 0.25 0.1153 = 0.02
21" 0074 Same as Exp. 17, but fix the lower crust stress power to n;¢c = 3.0 10 0.3568 = 0.18 0.1376 = 0.02
22" 0075 Same as Exp. 17, but fix the lower crust stress power to n;¢c = 3.5 10 0.3275 = 0.10 0.1423 = 0.01
23" 0017 Same as Exp. 4, but only assimilate horizontal observations 8 0.4636 + 0.22° 0.4148 + 0.14°
24" 0018 Same as Exp. 4, but only assimilate vertical observations 8 0.3557 + 0.16" 0.1278 + 0.09"
25% 0002 Same as Exp. 3, but only assimilate horizontal observations 8 0.5664 + 0.29° 0.5525 + 0.13°
26" 0003 Same as Exp. 3, but only assimilate vertical observations 8 0.3849 + 0.19° 0.1947 + 0.14°
27* 0083 Same as Exp. 4, but with a shallower shear zone segment 9 0.4486 + 0.32 0.0705 = 0.04
Note. The data cost function only entails the part of Equation 10 concerning the fit with the data, defined as Jg4ua(®;;41) = (g(@)j_,-H) —d-

NG ej,,-)T(oti+ 1Ca)™! (g(G)jv,-H) —d — \Ja; ej,i) . “Data assimilation results can be found in Supporting Information S1. "Computed with both horizontal and
vertical data.

of the mantle and thus remove it from the state vector (Experiments 6 and 7, Section 4.6). Note that we generally
consider the activation energy as an unknown in our remaining experiments as the activation energy cannot be
directly observed and laboratory estimates are considerably uncertain (e.g., up to 75 kJ/mol uncertainty, Hirth and
Kohlstedt (2003)). Moreover, we investigate the magnitude of the stress power for the shear zone (Experiments 8
to 12, Section 4.4), and the influence of a temperature-dependent viscosity of the shear zone (Experiments 4, 13
and 14, Section 4.5). We run additional data assimilation experiments to investigate the influence of the number of
shear zone segments (Experiments 4, 15, and 16, Text S1 in Supporting Information S1), a power-law rheology of
the lower crust (Experiments 17 to 22, Text S2 in Supporting Information S1), and the potential bias of only
assimilating either horizontal and vertical data (Experiments 23 and 24, Text S3 in Supporting Information S1).

In our ESMDA experiments, we use an ensemble size, N,, of 100 and set the number of data assimilation steps,
Npdas to 4. For various ensemble sizes (50-200) we find that the cost function converges after 5 data assimilation
steps (Figure S12 in Supporting Information S1). However, our posterior models show little difference (i.e.,
approximately 1% difference in posterior displacements) between experiments with a total of 4 or 5 data
assimilation steps. Therefore, we select 4 data assimilation steps.
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Figure 3. (a), (b) Interseismic and (c), (d) 5-yr postseismic displacements as a function of distance from the trench from Experiment 4 (i.e., the best performing
experiment). Solid lines and uncertainty bands represent the mean and two standard deviations (i.e., 95% confidence level) of the ensemble of modeled displacements.

We assume equal weighting of horizontal and vertical data at all stations. We purposely do not use the uncertainty
following the parameterization of the time series in our assimilation procedure as this underrepresents the total
observational error (Marsman et al., 2023). Instead, we assume a constant observation error that encompasses
both the representation and instrumentation errors as shown in Figures 1¢ and 1d. We assume an observation error
of 7 cm for postseismic data, which encompasses both the data and model errors (based on postseismic inversion
results by Fukuda and Johnson (2021)). For the interseismic period, we assign an observation error of 1 cm, such
that the ratio between the data and observational error is similar to that of postseismic data (Figures 1c and 1d).
Note that we include a higher quantity of postseismic data (1,094 observations over 10 years) than interseismic
data (324 observations over 3 years). Moreover, there is significantly more on-land GNSS data available (1,260
observations) than offshore GNSS/A data (158 observations). Therefore postseismic- and interseismic data are
weighted approximately 3 to 1, and onshore and offshore data are weighted approximately 8 to 1.

4. Results and Analysis
4.1. Best Model Results

We begin by providing detailed results of our best performing data assimilation experiment (Experiment 4,
Table 1). We define this experiment as the best performing experiment as it results in a low cost function
(Equation 10). Note that the number of parameters included in the state vector can greatly influence the cost
function, hence we also carefully analyzed the match with the interseismic and postseismic observations. We
define the “best-fit model” as the forward model assigned with mean ensemble parameter values from the best
performing experiment, which is Experiment 4. The best-fit model is characterized by the following elements: (a)
temperature-dependent power-law creep in the mantle, (b) temperature-independent power-law creep in the shear
zone, (c) a division in the mantle wedge, (d) elastic crust, and (e) four shear zone segments. These modeling
choices follow from our data assimilation experiments detailed in Sections 4.2 to 4.5 and Texts S1-S3 in Sup-
porting Information S1.

During the interseismic phase, our best-fit model accurately predicts landward horizontal motion (Figure 3a). The
ensemble captures the general deformation pattern shown by the interseismic verticals, that is, subsidence in the
forearc and uplift in the backarc (Figure 3b) due to sufficient flexure of the overriding plate. However, the
ensemble of models exhibits too much subsidence on the eastern coast compared to the observations, considering
the observation error. Interseismic vertical displacements are sensitive to details in the modeling approach,
particularly in the viscoelastic structure (Figure S22 in Supporting Information S1), elasticity parameters and the
locking pattern (e.g., Trubienko et al., 2013). Additionally, interseismic deformation is sensitive to other non-
tectonic processes present in the data, such as groundwater extraction. The actual representation error, that
partly accounts for missing physics, is likely larger and hence the observation error should be larger than our
assumed 1 cm at some locations, such as the eastern coast and where groundwater extraction takes place. Overall,
interseismic results match well with the observational data.
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Figure 4. Postseismic time series of all stations resulting from Experiment 4 (best performing ensemble). Solid lines and uncertainty bands represent the mean and two
standard deviations (i.e., 95% confidence level) of the ensemble of modeled displacements. Sign convention horizontals: trenchward is positive and landward is
negative. Sign convection verticals: uplift is positive and subsidence is negative.

Postseismically, the ensemble shows onland trenchward motion and near-trench landward motion (Figure 3c).
The models exhibit near-trench uplift, offshore subsidence, coastal uplift and backarc subsidence, in agreement
with the data (Figure 3d). This is a typical pattern produced by the combined effect of afterslip and viscoelastic
relaxation (Luo & Wang, 2022). The models capture the viscous response in the onshore data in both the hori-
zontal (blue lines Figure 4) and vertical directions (red lines Figure 4) very well within 95% confidence levels.
Near-trench horizontal motion between 2 and 5 years after the earthquake is quite linear and is generally captured
well (Figure 4). However, the evolution of the offshore stations is not always captured within the 95% confidence
level at stations MYGW and MYGI. This is because the model struggles to accurately represent the actual physics
and thus the assumed representation error is too low. In summary, we find a good match with both postseismic
onshore and offshore data and can capture the viscous response in the data.
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Figure 5. Simulation results on the effective viscosity of the best performing data assimilation test (Experiment 4), with a power-law rheology in both the mantle (n,, =
3.0) and shear zone (ng; = 2.5). (a) Effective viscosity evolution at selected locations in the mantle wedge, shallow mantle wedge and oceanic mantle shown in panel
(c) (b) Effective viscosity evolution of the shear zone. (c) Effective viscosity as a function of depth at 1, 5 and 706 years after the earthquake along select profiles in the
mantle wedge and oceanic mantle. The locations of the viscosity profiles can be found in panel (e) (d) Effective viscosity during the interseismic phase. (e) Effective
viscosity and displacements during the postseismic phase, 5 years after the earthquake. Effective viscosities in the mantle and shear zone are calculated using Equations 16
and 17, respectively. The results in a, b, d and e are obtained from a single model with input mean parameter values from Experiment 4.

Next, we analyze the spatiotemporal viscosity structure of the mantle and shear zone. We find low effective
viscosities in the shallow mantle wedge (<50 km depth) of 7.0 x 10'® and 8.6 x 10'® Pa-s directly after the
earthquake and 1 year after, respectively (Figures 5a and 5e). Our models particularly contain low viscosities in
the shallow part of the mantle (<50 km depth, Figure 5c), whereas previous studies typically infer lower vis-
cosities at larger depths ranging between 80 and 300 km depth excluding the volcanic arc (Agata et al., 2019; Dhar
et al., 2022; Freed et al., 2017). The effective viscosities of the oceanic mantle are slightly smaller than 10" Pa-s
directly after the earthquake, and increase toward 10?° Pa-s interseismically (Figures 5a, 5d and 5e). Previous
studies employing a Burgers rheology have inferred a short-term viscosity of the order 10'*~10'® Pa-s and a

0%° Pa-s for the oceanic mantle (e.g., Hu et al., 2014; e.g., linuma et al., 2016; Sun

steady-state viscosity of 1
et al., 2014), which agrees with our estimates. However, we do not require a separate low-viscosity sub-slab
asthenosphere, indicating that there is less viscoelastic relaxation in the sub-slab asthenosphere required by
our models (see discussion in Section 5.4). Our best-fit model shows that afterslip is concentrated downdip of the
coseismic rupture between 40 and 50 km depth and decreases toward zero at 80 km depth (Figure 12b), which is
compatible with the previously published models with stress-driven afterslip. Our results suggest a small increase
in afterslip with depth between 60 and 70 km depth, particularly present within the first 3 years after the
earthquake. The viscosity of the shear zone segments are ordered from low to high from #g,3, #1571, 1574, t0 11572
(Figure 5b) which directly control the afterslip pattern together with the effective shear stress. The increase in
afterslip between 60 and 70 km is attributed to the low viscosity for this shear zone segment (red line in
Figure 5b). The peak in afterslip between 40 and 50 km is 2.8 , 3.7, 4.1 and 4.5 m after 1, 3, 6 and 10 years,
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Figure 6. Cumulative (a) horizontal and (b) vertical interseismic displacements after approximately 3 years where we either do (blue, Experiment 4) or do not (orange,
Experiment 5) consider a division in the mantle wedge. (c) Cumulative horizontal and (d) vertical postseismic displacements 5 years after the earthquake where we
either do (blue) or do not (orange) consider a division in the mantle wedge.

respectively (Figure 12b). We further discuss the implications of the shear zone rheology and afterslip in our
models in Section 5.1. The spatiotemporal viscoelastic structure of the mantle and the inferred afterslip pattern
result in a good match with both interseismic and postseismic observations. Hence our best-fit model can suc-
cessfully explain different scales across the earthquake cycle with a single rheology.

4.2. A Division in the Mantle Wedge

We also investigate the need for a division in the mantle wedge (Experiments 4 and 5, Table 1). We first focus on
modeling results without the division in the mantle wedge (Experiment 5). During the interseismic phase, the
ensemble of models without the division in the mantle wedge produces landward motion, but they are slightly too
small near the eastern coast (orange lines in Figure 6a). Moreover, the ensemble shows onshore subsidence
(orange lines in Figure 6b) as there is not enough flexure of the overriding plate. Postseismically, these models can
accurately reproduce landward near-trench motion and onshore trenchward motion (orange lines in Figure 6c).
The postseismic vertical pattern is captured well within 95% confidence at almost all sites, except for a few sites
between 300 and 350 km from the trench (orange lines in Figure 6d). In short, the models without the division fail
to reproduce the correct interseismic pattern, particularly the vertical pattern, and fall short in explaining post-
seismic backarc subsidence.

The viscosity beneath the overriding plate between 50 and 100 km depth is well above 10?! Pa-s 5 years after the
earthquake (Figure S13 in Supporting Information S1) without the mantle wedge division. Hence, the effective
elastic thickness of the lithosphere (both on short and longer timescales) is significantly higher than the elastic
upper plate thickness inferred in previous models that is typically assumed between 20 and 50 km (Agata
et al., 2019; Dhar et al., 2022; Freed et al., 2017; Fukuda & Johnson, 2021; Hu et al., 2016; Iinuma et al., 2016;
Muto et al., 2019; Suito, 2017; Sun et al., 2014; Yamagiwa et al., 2015). As a result, the continental lithosphere
does not bend enough during the interseismic phase. The flexural rigidity of the lithosphere can be reduced by
decreasing the viscosity within the shallow part of the mantle wedge, thereby reducing the effective elastic
thickness. This can be achieved by including a division in the mantle wedge, allowing us to assign a different pre-
exponent factor in the shallow part of the mantle wedge (A,) than in the deeper part (A,,). Consequently, a (large)
jump in viscosities with depth is allowed, and lower viscosities (and thus faster viscoelastic relaxation) can be
achieved within the shallow part of the mantle wedge. We define the division according to the 800°C isoline
(Figure 2) so that there is a smooth transition in the viscosity structure as the viscosities are scaled by the
temperature.

Models with a division in the mantle wedge reproduce a postseismic pattern similar to models without the division
(blue lines in Figures 6¢ and 6d). Additionally, the mean of the ensemble with the division better captures backarc
subsidence than without the division. The ensemble with the division captures interseismic landward motion at all
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Figure 7. Prior and posterior probability distributions of the creep parameters and shear zone viscosity parameters for the case where we either do (blue, solid lines) or do
not (blue, dashed lines) consider a division in the mantle wedge with power-law creep in the mantle (n,, = 3.0) and power-law creep in the shear zone (ng; = 2.5)

(Experiments 4 and 5).

sites (blue lines Figure 6a) and produces enough flexure to match interseismic uplift in the backarc (blue lines
Figure 6b).

The 1-D and 2-D distribution of parameters used to calculate the ensemble of model displacements are shown in
Figures 7 and 8. For all parameters, we find a different posterior distribution (blue lines in Figure 7) than the prior
(orange lines in Figure 7), indicating that the data has enough information to constrain these parameters. We find a
good match for the creep parameters A,,, A, and E,, with laboratory derived values (Figure 8) (Hirth & Kohl-
stedt, 2003). In our experiment without the division in the mantle wedge (dashed lines in Figure 7), we find
slightly smaller estimates for A,,, A, and E,, than with the division (solid blue lines in Figure 7) in the mantle
wedge, but there is still an overlap with laboratory values. The spread and shape of the 2-D scatter plots (Figure 8)
give an indication of a correlation between parameters and how well ESMDA can estimate individual parameters.
If there is no trend between the parameters, or if a vertical or horizontal pattern is observed, then the correlation is
low. For example, a high correlation between the pre-exponent factor and activation energy is found (p between
0.94 and 1.00), evident from the trend in the 2-D scatter plots (Figure 8). A smaller pre-exponent factor results in
larger viscosities, whereas a smaller activation energy results in smaller viscosities. In both cases, we find similar
viscosity estimates in the oceanic and mantle wedge (excluding the shallow mantle wedge part) (Figure Se, Figure
S13a in Supporting Information S1), explaining the high correlation. High viscosities in the shallow part of the
mantle wedge result in less viscoelastic relaxation in models without the division. Consequently, more afterslip is
required to match the observations (Figure S13b in Supporting Information S1). Moreover, without the division,
the effective elastic plate thickness in the model becomes too large, and thus the plate is not able to bend enough
during both the interseismic and postseismic phases. The division in the mantle enables more precise control over
viscoelastic relaxation and lithospheric bending. Therefore, models with the division in the mantle wedge result in
a closer match to the observations, particularly with the interseismic vertical observations and postseismic vertical
observations in the backarc (more than 300 km from the trench) than models without the division.

4.3. Power-Law Versus Linear Viscous Rheology

We systematically explore different rheologies within the (shallow) mantle wedge, the oceanic mantle and the
shear zone with our data assimilation experiments (Experiments 1-4, Table 1). In these models, we include a
division in the shallow mantle wedge, which improves the match with the observations as explained in
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Kohlstedt, 2003).

Section 4.2. We test the following rheology combinations: (a) linear Maxwell mantle and shear zone, (b) power-
law mantle and a linear shear zone, (c) linear mantle and a power-law shear zone, and (d) power-law mantle and
shear zone. In each experiment, we estimate eight parameters using ESMDA: the pre-exponent factor of the
shallow mantle wedge, the mantle wedge, the oceanic mantle, the four shear zone segments, and the activation
energy of the mantle. For a linear Maxwell rheology, we set the stress power to 1.0. For the power-law
rheology of the mantle we set the stress power to 3.0 (Karato et al., 1986) and for the power-law rheology of
the shear zone we set the stress power to 2.5 (see Section 4.4). Generally, we do not include the stress power in the
state vector of the data assimilation, as this would result in larger uncertainties in our posterior pdfs. We analyze
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Figure 9. Impact of modeling power-law (pink lines) or linear (green lines) creep in the shear zone with linear creep in the mantle on the interseismic and postseismic
displacements (Experiments 1-2). The solid lines represent the mean of the posterior ensemble and the dashed lines represent the 95% confidence interval (2¢
uncertainty). (a), (c) Postseismic horizontal and (b), (d) vertical times series of stations 0196 and 0550 (see Figures 1 and 4 for locations). (e), (f) Cumulative 3-year
interseismic and (g), (h) 5-year postseismic displacements. Error bars indicate 1o data uncertainties.

how well each rheology combination can explain the data using ESMDA. Note that for each combination,
ESMDA seeks the best combination of parameters to minimize the cost function. For ease of our evaluation, we
focus on the mean of the posterior ensemble of modeled displacements and the associated 95% confidence level
(i.e., two standard deviations) for each combination.

For each rheology combination, we observe shortening of the overriding plate with landward motion (Figures 9
and 10e), along with subsidence in the forearc and uplift in the backarc due to flexure before the earthquake
(Figures 9 and 10f, except for the pink line). All our models exhibit excessive interseismic subsidence on the
eastern coast. As explained in Section 4.1, this may be attributed to both model errors and non-tectonic processes
not captured by the model, resulting in a larger representation error than assumed. During the postseismic phase,
our models show onland trenchward motion and near-trench landward motion (Figures 9 and 10a, 10c and 10g).
Generally, our models show offshore subsidence, coastal uplift and backarc subsidence (Figures 9 and 10h);
however, the location and magnitude may differ between the different choices of rheology. Even though all the
models with different rheology combinations generally produce the right pattern, the details in the postseismic
viscous response and steady-state viscosity structure allow us to identify the best model and potential pitfalls of
certain rheology choices.

First, we focus on the model results with linear creep in the mantle and either linear or power-law creep in the
shear zone. The ensemble results with power-law creep in the shear zone deteriorate in comparison to the case
with linear creep, and the cost function increases by more than 30% (Table 1). This shows that the transient
response in afterslip does not lead to better results when modeling a linear viscous mantle. In particular, we
observe that the ensemble results do not align well with interseismic verticals with power-law creep in the shear
zone (Figure 9f). This discrepancy is due to relatively low shallow viscosities (>10'7 Pa-s above 50 km depth) in
the mantle wedge (not shown), resulting in a weak lithosphere. Consequently, the upper plate experiences little
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Figure 10. Impact of modeling power-law (blue lines) or linear creep (red lines) in the shear zone with power-law creep in the mantle on the interseismic and postseismic
displacements (Experiments 3—4). The solid lines represent the mean of the posterior ensemble and the dashed lines represent the 95% confidence interval (2¢
uncertainty). (a), (c) Postseismic horizontal and (b), (d) vertical times series of stations 0196 and 0550 (see Figures 1 and 4 for locations). (e), (f) Cumulative 3-year
interseismic and (g), (h) 5-year postseismic displacements. Error bars indicate 1o data uncertainties.

flexure and can easily be dragged down by the slab to which it is mechanically coupled. Moreover, the fully linear
model is unable to explain the beginning and end of the postseismic time series (green lines in Figures 9a-9d) as
the model relaxes too quickly. When considering linear creep in the mantle and power-law creep in the shear zone,
we observe a too slow response during the postseismic phase (pink lines in Figures 9a—9c¢) indicating insufficient
relaxation. Overall, these results show that models with linear creep in the mantle cannot accurately explain the
temporal evolution of postseismic data. Additionally, with power-law creep in the shear zone, the models also
poorly match the interseismic verticals.

Models with power-law creep in the mantle result in a closer match to both interseismic and postseismic data
(Figure 10) than with linear creep in the mantle. Particularly, the viscous response improves as both the begin-
ning and end of the postseismic time series are well matched with the observations (Figures 10a—10d), and the
resultant steady-state viscosity structure can explain the interseismic data as well (Figures 10e and 10f). Dif-
ferences in modeled displacements resulting from power-law creep (red lines in Figure 10) and linear creep (blue
lines in Figure 10) in the shear zone are minimal, with a large overlap between the 95% confidence intervals.
Moreover, the cost functions of these two experiments are very similar, making it difficult to assess whether linear
or power-law creep in the shear zone is necessitated by the data. However, early postseismic horizontals
(<3 years) are somewhat underpredicted and later postseismic horizontals (>5 years) are somewhat overpredicted
with linear creep in the shear zone, indicating that relaxation is too slow, which is a general pattern shown at most
of the station locations (Figure S15 in Supporting Information S1). When we assume power-law creep in both the
mantle and shear zone, we observe an improvement of the postseismic horizontal displacements at all station
locations (Figure 4), as more relaxation takes place early on. Note that the mean of the data cost function ensemble
is slightly higher when we assume power-law creep in the shear zone than with linear creep (Experiments 3 and 4,
Table 1). This is due to the fact the postseismic vertical displacements slightly deteriorate when we assume a
power-law in the shear zone. However, we find it essential to accurately match the early postseismic horizontals.
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Overall, we find that a power-law creep in both the mantle and shear zone provides the best explanation of the
data.

Nonlinear crustal flow within the lower crust has been shown to agree with observations following the 2010
Maule earthquake (Pefia et al., 2020) and to contribute to a secondary zone of coseismic and early postseismic
uplift (van Dinther et al., 2019). Moreover, low-temperature dislocation creep has also been inferred following the
2013 Baluchistan earthquake (Cheng et al., 2022). We test several configurations in our model with a power-law
rheology within the lower crust. Following our previous analysis, we focus on models that include power-law
creep in both the mantle and shear zone. When we include viscoelastic flow within the lower crust, we find
that both interseismic and postseismic results deteriorate - particularly, no interseismic uplift is predicted and
interseismic landward motion is overestimated due to a weaker plate (see Text S2 in Supporting Information S1).
Hence, we only consider an elastic lower crust in our models.

4.4. The Shear Zone Stress Power

We run several data assimilation tests with a different stress power of the shear zone (Experiments 3, 4 and 9-12,
Table 1). In a separate test (Experiment 8, Table 1), we include ng; as an additional unknown parameter in the
state vector. Here, we obtain a posterior mean and standard deviation of 2.61 + 0.14. However, the uncertainty of
our ensemble results increases significantly when we include ng; as an additional parameter in the state vector.
Therefore, we prefer to use a pre-defined stress power in our experiments. The closest match with the data is
obtained when we include power-law creep in the shear zone with a shear zone stress power ng; of 2.5 (Figure 11).
For a higher stress power than 2.5, relaxation occurs faster in the shear zone, and thus we generally observe larger
trenchward motion and larger uplift and subsidence at the GNSS station locations. For the linear Maxwell case
(i.e., stress power 1.0), the modeled displacements evolve more gradually and are unable to match the fast changes
in the early horizontal observation times series. However, for ng; = 2.0, we observe faster simulated displace-
ments than with ng; = 2.5. This is probably because ESMDA minimizes the cost function, leading to adjustments
in other parameters besides the shear zone stress power, such that faster motion is simulated.

When we set the shear zone stress power to 1.0, afterslip is more evenly distributed with depth and a small peak is
found around 55 km depth than when we set the shear zone stress power to 2.5 or 4.0 (Figure 12). More equivalent
moment release is predicted with increasing stress power, particularly updip. Not only does the afterslip distri-
bution change with a different shear zone stress power but the viscoelastic structure is optimized to minimize the
cost function. For a higher shear zone stress power (>4.0), less viscoelastic relaxation is observed in the shallow
part of the mantle wedge (Figure S16 in Supporting Information S1), and the match with interseismic vertical
observations deteriorates (Figure 11h). The former would suggest a trade-off between afterslip and bulk visco-
elastic relaxation, which will be explored in Section 4.6.

4.5. Temperature-Dependent Shear Zone Viscosity

Our results from Section 4.4 show that a stress power of 2.5 is preferred, indicating that dislocation creep is
driving deformation within the shear zone. One of the key parameters controlling dislocation creep, and thus the
viscosity of the shear zone and afterslip, may be temperature. To investigate this, we run additional data
assimilation experiments with a temperature dependence in the viscosity of the shear zone, in a similar fashion to
the mantle wedge (Experiments 13 and 14, Table 1). The shear zone viscosity can be described using Equation 16
multiplied by the Arrhenius term exp (% , where Egy is the activation energy in the shear zone. The state vector
for data assimilation contains the mantle creep parameters (A,,, Ag, A,, E,,) and the shear zone creep parameters
(Asz,Esz in Experiment 13 or Agy;,Asz,Asz3,Asz4, Esz in Experiment 14).

The temperature varies significantly along the shear zone—from ~120°C in the shallowest part (40 km), ~150°C
at 50 km depth, ~200°C at 50 km depth to ~1000°C in the deepest part (80 km) (Figure 2b). When we only model
a single shear zone segment, we find a smooth transition from high viscosities in the shallow part of the shear zone
to lower values in the deeper part (e.g., 5-10"® to 10'” Pa-s postseismically, Figure 13b). The effective shear stress
is much higher downdip of the coseismic rupture than at the deepest part of the shear zone. This shows that the
temperature gradient within the shear zone primarily controls the effective viscosity gradient. Consequently, a
uniform-like distribution of afterslip is estimated and thus more afterslip is estimated in the deeper part of the
shear zone relative to the temperature-independent case (Figures 13e and 13f).
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Figure 11. Impact of the shear zone stress power ng, on postseismic time series and interseismic displacements (Experiments 3, 4 and 9-12). The left column (a, c, e)
shows the horizontal displacement times series at stations 0196, 0035 and 0550 (see Figures 1 and 4 for locations) and (g) shows the 3-year cumulative horizontal
interseismic displacement. The right column (b, d, f) shows the vertical displacement time series at stations 0196, 0035 and 0550 and (f) show the 5-year cumulative
vertical interseismic displacement. The ensemble uncertainties can be viewed in Figures S17 and S18 in Supporting Information S1.

Fault slip [m]

If we divide the shear zone into four segments and thus estimate four different pre-exponent factors of the shear
zone, we obtain very similar afterslip and shear zone viscosity estimates as the temperature-independent case
(Figures 13c, 13d and 13g). When we model a temperature-dependent viscosity within the shear zone, we obtain

very similar displacements as when we model a temperature-independent viscosity within the shear zone.

However, by modeling a temperature-dependent viscosity, we slightly underpredict very early postseismic

motion and cannot simulate enough postseismic backarc subsidence (Figure S19 in Supporting Information S1).
This implies that the modeled viscosities in the shallowest part of the shear zone are likely overestimated. The
transient deformation is not well represented by the model with only temperature dependence and could have been
better captured by incorporating a Kelvin element in the rheology for example, Introducing more shear zone
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Figure 12. Impact of the shear zone stress power ng; on the postseismic slip at the subduction interface at different times after the earthquake resulting from data
assimilation experiments 3, 4 and 11 (subpanels (a)—(c), respectively). Note that for each experiment, the results are computed with a single model with input mean
parameters resulting from the ensemble.
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Figure 13. Impact of modeling a temperature-dependent viscosity for the shear zone. (a) Effective viscosity during the interseismic phase with a temperature-dependent
viscosity in a single shear zone segment (Experiment 13). (b) Effective viscosity during the postseismic phase (5 years after the earthquake) with a temperature-
dependent viscosity in a single shear zone segment (Experiment 13). (c) Effective viscosity during the interseismic phase with a temperature-dependent viscosity in four
shear zone segments (Experiment 14). (d) Effective viscosity during the postseismic phase (5 years after the earthquake) with a temperature-dependent viscosity in four
shear zone segments (Experiment 14). Afterslip distributions at select times when modeling (e) temperature-independent viscosity in four shear zone segments,

(f) temperature-dependent viscosity in a single shear zone segment, and (g) temperature-dependent viscosity in four shear zone segments. Note that for each experiment,
the results are computed with a single model with input mean parameters resulting from the ensemble.

segments naturally introduces more degrees of freedom into the estimation problem and a potential to overfit the
data. We find that introducing these extra degrees of freedom is necessary as a temperature dependence of the
viscosity alone cannot explain the data as well and it is physically more likely that a large portion of afterslip is
found directly downdip of the coseismic rupture due to high stresses (e.g., Fukuda & Johnson, 2021; Muto
et al., 2019). This implies that the segmentation in the pre-exponent factor represents some missing physics. We
further discuss the implications of the segmentation and the shear zone width on our results in Section 5.1.

4.6. Trade-Off Between Afterslip and Viscoelastic Relaxation

As our models are nonlinear, we cannot simply disentangle contributions from afterslip and viscoelastic relax-
ation from the modeled surface deformation. We fix the stress powers of both the shear zone and mantle (ng; and
n,,, respectively). Thus, afterslip is controlled by the pre-exponent factors in the shear zone Agz;, Agz, Agz3, and
Agz4, Whereas viscoelastic relaxation is controlled by the creep parameters A,,, A,, A,, and E,,. These creep
parameters determine the viscosity structure of the mantle and thus also influence interseismic deformation. To
investigate if there is a trade-off between afterslip and viscoelastic relaxation, we focus on the correlation (p)
between parameters representing afterslip and viscoelastic relaxation.
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Figure 14. Correlations between posterior parameter pairs. In (a) and (b) we assume linear creep in the shear zone and set ng; = 1.0 (Experiments 3 and 7). In subplots
(c) and (d) we assume power-law creep in the shear zone and set ng; = 2.5 (Experiments 4 and 6). In (b) and (d) we remove E,, from the state vector and fix it to

420 kJ/mol.

We find a very strong correlation (p between 0.95 and 1.00) between the pre-exponent factor and activation
energy of the mantle when we model either linear or power-law creep in the shear zone (Figures 8, Figures
14a and 14c). Since both parameters scale the viscosity, a wide range of these parameters is acceptable as their
combinations produce similar viscosity structures. This strong correlation hinders the individual estimation of the
activation energy and water fugacity, which is partly represented by the pre-exponent factor. The wide range of
possible values of the pre-exponent factor and activation energy of the mantle may overshadow potential trade-
offs between other parameter pairs. Because there is a strong correlation between the pre-exponent factor and
activation energy, the estimated parameters are more sparsely distributed. Meaningful correlations between
other parameter pairs are not easily detectable. To alleviate this, we run additional ESMDA tests where we fix
the mantle activation energy at 420 kJ/mol (Karato et al., 1986) and thereby reduce the number of estimated
parameters. As we fix a parameter, correlation differences occur due to a change in the marginal relation
between the remaining parameters. Consequently, some relations may become more evident with the
reduction of the number of estimated parameters. Note that fixing the activation energy may lead to biased
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estimates for the remaining parameters as they need to adjust to compensate for the fixed value of the activation
energy. By not fixing the activation energy, we can account for its inherent uncertainties. In the case where we
assume power-law creep in the shear zone (Experiment 6), we do not find any significant correlations between the
mantle creep parameters and the shear zone pre-exponent factors (Figure 14d). This suggests that afterslip and
bulk viscoelastic relaxation can be independently resolved from the observations if the activation energy is
narrowly constrained. In the case where we assume linear creep in the shear zone (Experiment 7), we find
moderate correlations between the creep parameters and shear zone viscosity of the shallowest shear zone
segment (p between 0.29 and 0.44, Figure S14 in Supporting Information S1, Figure 14b). This would suggest a
relatively minor trade-off between afterslip and viscoelastic relaxation when assuming linear creep in the shear
zone.

We run additional forward models to further investigate the resolvability between afterslip and viscoelastic
relaxation. As Wang et al. (2012) pointed out, afterslip and bulk viscoelastic relaxation have a similar spatial
footprint on postseismic horizontal deformation. Our forward model simulations show that decreasing the shear
zone viscosity (by increasing the pre-exponent factor) results in more trenchward motion at distances greater than
100 km from the trench at 5 years after the earthquake (Figure S20 in Supporting Information S1), due to faster
relaxation. Similarly, decreasing the viscosity in the continental and oceanic mantle (by increasing the pre-
exponent factor) leads to more trenchward motion at distances >100 km from the trench at 5 years after the
earthquake (Figure S21 in Supporting Information S1), also due to faster relaxation. These effects contribute
strongly to a positive correlation between the shear zone and mantle creep parameters. Decreasing the shear zone
and shallow mantle viscosity (by increasing the pre-exponent factor) and increasing the sub-slab mantle viscosity
(by decreasing the pre-exponent factor) results in more uplift between approximately 150 and 300 km from the
trench and more subsidence in the backarc at 5 years after the earthquake (Figures S20 and S21 in Supporting
Information S1). This contributes to a negative correlation between the shear zone parameters and the oceanic
mantle pre-exponent factor. Decreasing the mantle wedge viscosity (by increasing the pre-exponent factor) results
in more onshore uplift at 5 years after the earthquake (Figure S21 in Supporting Information S1), whereas
decreasing the shear zone viscosity leads to more subsidence beyond 250 km from the trench (Figure S20 in
Supporting Information S1), contributing to some negative correlation between the pre-exponent factors of the
mantle wedge and shear zone. In the power-law case, we observe that the correlation between the viscosity of the
shear zone (particularly the shallowest part) and bulk pre-exponent factors drops with respect to the linear case
(Figures 14b and 14d). With linear creep in the shear zone, similar spatial patterns can be achieved, but the
temporal response in both horizontal and vertical deformation would particularly differ from the power-law shear
zone models (Figures S23 to S26 in Supporting Information S1) as the power-law dictates the temporal response.
Particularly for horizontal deformation, the power-law decay becomes important during the first 2 years after the
earthquake, illustrated by Figure 11, because coseismic stresses cause lower viscosities.

Opverall, the forward model tests show that the horizontal spatial signature of afterslip and viscoelastic relaxation
are similar, but the vertical spatial signature—particularly in onshore displacements - can somewhat contribute to
the resolvability. More importantly, the temporal signature, particularly of the first 2 years in horizontal defor-
mation, provides the means to resolve afterslip from viscoelastic relaxation. We can successfully disentangle
afterslip and viscoelastic relaxation from each other by modeling a power-law decay in the shear zone, given a
power-law in the mantle.

5. Discussion
5.1. Implications of the Shear Zone Rheology

Our findings support a power-law behavior for the rheology within the shear zone, characterized by a stress power
of 2.5 (Section 4.4). A linear Maxwell rheology in the shear zone cannot capture the fast changes in the data. This
suggests that dislocation creep, opposed to diffusion creep, controls the governing deformation within the shear
zone. Moreover, our results reveal that high stress powers, equal to or greater than 4.0, are unfavorable. This
implies that a very rapid response due to fast relaxation is unlikely below the rupture zone (i.e., at 40 km depth).

The underlying perspective in our approach to simulate (re)locking and afterslip shows some similarities with that
of more realistic friction formulations, such as rate-and-state friction (Dieterich, 1979; Ruina, 1983), as suggested
by D’Acquisto and Govers (2023). In the rate-and-state formulation, the asperity is treated as rate-weakening
portion of the megathrust, exhibiting rapid unstable sliding during the earthquake, whereas we simulate
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unstable behavior in a kinematic fashion. Downdip of the coseismic rupture, we simulate aseismic slip facilitated
by a viscous shear zone, which shows some similarities with rate-strengthening behavior in the sense that both
approaches promote stable sliding. Both approaches describe the evolution of afterslip and it has been shown that
the postseismic decay of frictional approaches is very similar to that of a power-law approach (Montési, 2004).
Both approaches simulate brittle and ductile behavior along the megathrust. High power-law exponents are
compatible with brittle behavior, whereas lower power-law exponents are compatible with ductile behavior. Low
power-law exponents found in the ductile shear zone are thus not unexpected and are compatible with laboratory
test results (Barbot & Zhang, 2023). Previous studies that use rate-and-state friction laws to model afterslip
following the 2011 Tohoku-Oki earthquake, typically find a transition from velocity weakening to velocity
strengthening at depths between 30 and 50 km (Agata et al., 2019; Dhar et al., 2022; Fukuda & Johnson, 2021;
Muto et al., 2019). The differences in estimated afterslip between this study and previous studies is further
discussed in Section 5.2.

As mentioned earlier, the temperature within the shear zone varies drastically, ranging from ~120°C in the
shallowest part (40 km), through ~150°C at 50 km depth, ~200°C at 50 km depth, to ~1,000°C in the deepest part
(80 km) (Figure 2b). As our results suggest that dislocation creep governs deformation over diffusion creep, this
could imply that dislocation creep occurs in both low-temperature and high-temperature regimes. Low-
temperature dislocation creep could still occur under considerable differential stress and may be further
enhanced by the presence of water—conditions that are typically found downdip of the coseismic rupture. At first
glance, our results favor a temperature-independent viscosity of the shear zone over a temperature-dependent
viscosity. To reproduce similar results to the temperature-independent case, it is necessary to introduce multi-
ple segments within the shear zone for the temperature-dependent case. The resulting effective viscosity profiles
within the shear zone do not display a simple correlation with increasing depth or temperature given the geometry
of the shear zone, as illustrated in Figure 13. Another factor to consider is that there is a scaling relation between
the shear zone width and viscosity (e.g., Govers et al., 2018), that is, the same amount of afterslip can be
reproduced with a larger shear zone width if the viscosity increases accordingly. For example, the pre-exponent
factor Ag; (Equation 16) would be 10 times larger for a shear zone width of 300 m (i.e., 10 times smaller than in
our models), and the viscosities would be 10 times lower. In our models we assume a constant thickness of the
shear zone, although it is actually expected to broaden with depth/temperature (Scholz, 1988; Sibson, 1983). A
correlation between shear zone viscosity and temperature could thus hold, taking into account thickness
variations, and confirm that the rheology of the shear zone is thermally controlled. The segmentation needed
in the shear zone is thus required to represent changes in the shear zone width when we consider temperature-
dependent viscosities. On the other hand, in our simulations with a temperature-independent viscosity, the
segmentation of the shear zone represents changes in the shear zone width as well as changes in temperature
captured by the pre-exponent factor.

Our model setup of the megathrust provides a first-order representation of the seismogenic zone and a downdip
shear zone with variable properties. Our results demonstrate that we can individually resolve the properties of four
the four shear zone segments of uniform length, as well as the bulk mantle properties. The varying properties of
the shear zone capture factors such as temperature, lithology, frictional parameters, and shear zone geometry.
Future work will focus on exploring additional scenarios, such as segments of variable length or increased
compartmentalization, to investigate potential connections between rheological properties to the metamorphic
and lithological stratification of the megathrust.

5.2. Finding a Unique Solution for Afterslip and Viscoelastic Relaxation

As our model is 2-D, afterslip inherently only takes place downdip of the coseismic rupture. Our best-fit results
(ngz = 2.5) suggest that the afterslip is concentrated near the downdip end of the seismogenic zone (40-45 km
depth) and gradually decays downdip, which is compatible with 2-D (Muto et al., 2019) and 3-D studies (Agata
et al., 2019; Dhar et al., 2022; Fukuda & Johnson, 2021; Hu et al., 2016) that model stress-dependent afterslip.

However, differences in modeling approaches (e.g., coseismic slip pattern, afterslip modeling, rheology) and
constraints from geodetic data lead to somewhat different afterslip magnitudes and locations, as is shown in
Figure 15. Particularly, we find less afterslip is necessary than suggested by Fukuda and Johnson (2021) to match
the observations. We require more afterslip than inferred by Muto et al. (2019), as we also include the first year as
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Figure 15. Spatiotemporal distribution of afterslip for our best-fit model (calculated with input mean parameter values from Experiment 4). Estimates of afterslip from
previous studies with stress-driven afterslip are included.

a geodetic constraint. Our estimates align with those of Dhar et al. (2022) and Hu et al. (2016), yet we find more
shallow afterslip compared to Agata et al. (2019).

Another factor to consider is that our models are 2-D and use a smoothed coseismic slip pattern based on the 3-D
slip pattern by Hooper et al. (2013). Afterslip patterns are particularly sensitive to coseismic stress changes, which
can explain some differences between our modeling results in terms of afterslip and viscoelastic relaxation.
Additionally, in our 2-D models we do not allow an overlap between regions of afterslip and the coseismic
rupture. Some overlap has been suggested as a considerable moment release in the form of aftershocks was
recorded within the rupture zone near the downdip end (Dielforder et al., 2023). However, our simplified
approach does capture most of the moment release that is concentrated at the downdip end of the coseismic
rupture. Our modeling approach is compatible with that of the classical asperity model, where afterslip and
coseismic slip occur in spatially distinct zones: coseismic slip in velocity-weakening regions and afterslip in
velocity-strengthening regions and diminishes in velocity-strengthening regions (Avouac, 2015). Some studies
following the 2011 Tohoku-Oki earthquake infer that regions of afterslip and coseismic slip are spatially distinct
(Evans & Meade, 2012; linuma et al., 2016), but others report a small overlap (Freed et al., 2017; Johnson
et al., 2012; Ozawa et al., 2012; Perfettini & Avouac, 2014).

To investigate whether an overlap between afterslip and coseismic slip would affect our conclusions, we ran an
additional data assimilation experiment (Experiment 27, Table 1). In this experiment, we extend the shear zone to
30 km depth so that it overlaps with the coseismic segment of the megathrust. We separately solve for the pre-
exponent of this new segment between 30 and 40 km depth. We find surface displacements that are (visually)
indistinguishable from Experiment 4 (Figure 3, Figures S27a—S27d in Supporting Information S1). The resulting
viscosity of the shallowest shear zone is high (1021 Pa-s) in comparison to the deeper shear zones (~1017 Pa-s)
(Figure S27e in Supporting Information S1). As a result, afterslip is minimal in the 30—40 km depth region and the
peak in afterslip is still found directly downdip of the coseismic rupture (Figure S27f in Supporting Informa-
tion S1). We thus conclude that (deep) afterslip occurs downdip of the coseismic rupture.

Rheological choices may also influence our results. Unlike previous postseismic studies of the 2011 Tohoku-Oki
earthquake that employ a Burgers rheology incorporating power-law component in both Maxwell and Kelvin
elements (Agata et al., 2019; Barbot, 2020; Dhar et al., 2022, 2023; Muto et al., 2019), our model uses only a
power-law Maxwell rheology. The stress dependence in our viscosity already captures most of the transient
deformation without the need for additional complexity, such as a Kelvin element. Note that we exclude the
deformation within the first month following the earthquake, a period that likely experienced significant transient
deformation due to viscoelastic relaxation and other processes like poroelastic rebound and brittle creep. Our
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results do not indicate the need for a transient power-law component. It is worth noting that trade-offs between
model parameters may lead to alternative viable solutions.

Three-dimensional studies applying kinematic afterslip (Freed et al., 2017; linuma et al., 2016; Sun et al., 2014;
Wang et al., 2018; Yamagiwa et al., 2015) have identified patches of afterslip near the northern and southern
edges of the coseismic rupture zone and estimate minimal afterslip downdip of the coseismic rupture. The non-
uniqueness of published solutions for afterslip and viscoelastic relaxation may originate from trade-offs between
contributions from afterslip and viscoelastic relaxation to surface displacements (Fukuda & Johnson, 2021). It has
been suggested that the spatial footprint of afterslip and viscoelastic relaxation (Freed et al., 2017; Fukuda &
Johnson, 2021), as well as a modeling approach with mechanical coupling between afterslip and viscoelastic
relaxation, provide the means to find a unique solution (Fukuda & Johnson, 2021). In this study, we delve deeper
into the interplay between afterslip and viscoelastic relaxation by examining the specific parameters that govern
them.

As described in Section 4.6, we quantify trade-offs between the shear zone pre-exponent parameters, Agy;, Asz,
Agz3, and Agz4, and the mantle creep parameters, A,,, A;, A,, and E,,, which control afterslip and viscoelastic
relaxation of the mantle, respectively. The spatial distribution of horizontal postseismic deformation contributes
to the non-uniqueness of the solution, whereas vertical deformation and interseismic deformation offer constraints
(Figures S20 and S21 in Supporting Information S1). Our results show that when we assume power-law creep in
the shear zone, as opposed to linear creep, we obtain weak correlations between these parameters and thus can
distinguish viscoelastic relaxation of the mantle and afterslip as opposed to a linear rheology (Figure 14). With
power-law creep in the shear zone, relaxation in the shear zone occurs faster than with linear creep. Because of
this difference in the relaxation times, we obtain a closer match to the data, particularly for early postseismic
horizontal deformation, and we can separately determine the parameters controlling afterslip and viscoelastic
relaxation. Not only does the temporal signature change with power-law creep due to faster viscoelastic
relaxation, a different solution in the spatial distribution of afterslip is preferred. Specifically, more afterslip is
obtained directly downdip of the coseismic rupture (Figure 12). Our results suggest that the spatial footprint of
vertical observations can help to distinguish bulk viscoelastic relaxation from afterslip. In addition to the spatial
footprint of the vertical data, the temporal response of horizontal data, especially in the first 2 years after the
earthquake, provide the means to disentangle the two processes from each other, which is successfully captured
by modeling a power-law in the shear zone (rather than linear creep).

5.3. Low Viscosities in the Shallow Mantle Wedge

Our results indicate that low viscosities (~10'® Pa-s within 10 years after the earthquake) in the continental
lithospheric mantle (30—60 km depth) are required, particularly to achieve a good match with vertical postseismic
backarc (>300 km from the trench) and vertical interseismic observations. This reduces the effective thickness of
the overriding plate and thus the flexural rigidity, allowing the plate to bend more easily during both interseismic
and postseismic phases, and enabling shallow viscoelastic relaxation to occur postseismically. Without the di-
vision in the mantle wedge, more afterslip is required to match the postseismic observations, but the match with
observations deteriorates. Hence there is a risk of overestimating afterslip when shallow viscoelastic relaxation is
not possible.

An artifact of the input temperature model (Morishige, 2022) is the “viscous belly” seen at distances greater than
400 km from the trench (Figure 2b). This overthickening of the overriding lithosphere is caused by cooling of the
lithosphere that takes place over millions of years, which is longer than the age of the subduction zone (Hall, 2012;
Wilson & van Keken, 2023). As relatively low temperatures are present in the shallow mantle wedge (approx-
imately 400-800°C between 30 and 60 km depth, Figure 2b), high viscosities at a relatively shallow depth would
be present in our models without the division in the mantle wedge. Our results underline the necessity of a division
in the mantle wedge to simulate a different rheology in the shallow part of the mantle wedge compared to the
deeper part. This way, low shallow viscosities are simulated to match interseismic and postseismic observations.
Without the artificial overthickening of the continental lithospheric mantle, shallow temperatures would likely be
higher, leading to lower viscosities, and possibly making the division in the mantle wedge unnecessary. However,
we observe large strain rates in the shallow mantle within the forearc (within 300 km from the trench) in our
model, indicating that most relaxation takes place within the forearc. Due to the viscous belly, viscosities past
400 km from the trench are approximately 1 order higher than within 300 km from the trench at ~50 km depth
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during the postseismic period (Figure 5e). The contribution of viscoelastic relaxation below the backarc to surface
displacements is significantly less given the strain rates, which may also be an indirect effect from the viscous
belly.

Another reason for the need of low viscosities in the mantle wedge in our models could be due to the presence of
structural heterogeneities, such as the volcanic arc and/or compliance in the upper plate. Inferring lower vis-
cosities around the volcanic arc (at approximately 300 km) (Hu et al., 2014; Muto et al., 2016) or introducing a
compliance contrast in the overriding plate in the vicinity of the volcanic arc (Itoh et al., 2019, 2021) have been
shown to lead to a better fit with the data. Note that we also include a compliance contrast in the overriding plate at
425 km from the trench, but likely still require a division in the mantle wedge as this structural heterogeneity is
introduced far away from the volcanic arc. Contrarily, Freed et al. (2017) argue that vertical stratification of the
viscosity structure offers a satisfactory explanation of the data and that lateral heterogeneities are not needed.
Additionally, a horizontal distribution of lower viscosities in the forearc can be explained by water transport due
to chemical reactions at the volcanic arc and corner flow (Iwamori, 2007). Our model results are in line with Freed
et al. (2017) considering that horizontal layering of mantle wedge rheology is needed, but the specific details vary
due to different modeling strategies. However, vertical stratification at the volcanic arc or horizontal stratification
in the forearc are also plausible solutions that may lead to similar surface displacements.

5.4. Two Causes of Rapid Postseismic Relaxation in the Sub-Slab Asthenosphere

Our models accurately replicate the observed landward motion of the overriding plate within 100 km of the trench
during the early postseismic period (Figure 6c), with rates faster than the observed interseismic velocity
(Watanabe et al., 2014). These motions are primarily driven by viscoelastic relaxation in the sub-slab astheno-
sphere (Suito (2017), Figure S21 in Supporting Information S1), while relocking of the megathrust is required to
transfer the imprint of this deep relaxation to the overriding plate (D’ Acquisto & Govers, 2023). Sun et al. (2014)
were the first to reproduce these observations by introducing a separate layer in their model beneath the oceanic
plate with a very low viscosity of 2.5 x 10'7 Pa-s, although they do not explicitly mention that this layer enhances
near-trench landward motion. Subsequent postseismic modeling studies also required low sub-slab viscosities
ranging between 2.5 x 10'7 Pa-s and 3.0 X 10'® Pa-s (Freed et al., 2017; linuma et al., 2016; Suito, 2017; Sun &
Wang, 2015). Additionally, Sun et al. (2024) inferred sub-slab viscosities as low as 5.0 X 10" Pa-s to explain
enhanced landward motion adjacent the coseismic rupture zone. Studies deploying a power-law rheology found
viscosities in the sub-slab asthenosphere from as low as 10'6~"7 Pa-s within a few days after the earthquake to
10'77"8 Pa.s 1 year after (Agata et al., 2019; Dhar et al., 2023; Muto et al., 2019). The viscosities in these power-
law models evolve because of relaxation of coseismic stresses.

We also find a temporary zone with low sub-slab asthenospheric viscosities after the earthquake near the trench
below the oceanic plate (Figure 5e). However, our estimated viscosity is significantly larger than previously
found; 7.0 x 10'® Pa-s right after the earthquake, and 8.6 x 10'® Pa-s 1 year later (Figure 5a). The reason for this
difference is that our models have an additional driver of near-trench landward motions resulting from our
earthquake cycle approach. In our model, subduction is driven by the far-field velocity of the oceanic plate and by
the velocity of the deep end of the slab. Following an earthquake, the megathrust is immediately and fully locked.
During the interseismic period, the oceanic plate moves landward at full plate tectonic velocity in the far-field, and
much slower near the trench where it is locked to the overriding plate. The oceanic plate is thus shortened
interseismically. Unlocking resolves the slip deficit on the part of the megathrust that was previously locked. All
other parts of the model respond elastically to this instantaneous slip because viscoelastic domains cannot relax
accumulated stresses on the coseismic timescale. Therefore, the oceanic plate can hardly move relative to the sub-
slab asthenosphere so that it cannot immediately recover from interseismic shortening during the megathrust
earthquake. This occurs during the early postseismic phase when the elastic oceanic plate catches up by accel-
erated landward motion relative to the sub-slab asthenosphere. This additional driver of postseismic deformation
is absent in models driven by coseismic stresses. Motions throughout the oceanic plate and slab are partly driven
by the velocity boundary conditions imposed at the edges of the incoming oceanic plate and the outgoing slab,
reflecting a constant ridge push and slab pull. We observe that interseismic strain accumulation is limited to
approximately 200 km seaward of the trench. This occurs at about 200 km from the edges of the incoming oceanic
plate, which suggests that our boundary conditions do not impact our findings regarding motion near the trench.
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Figure 16. Postseismic recovery motion along the upper (a) and lower (b) sides of the slab. Recovery motion is defined as the horizontal motion since the earthquake
subtracted by the horizontal motion of another model with only free-slip (no locking, no earthquakes). (c) Horizontal velocity along the upper side of the slab as a

function of time.

Figure 16 illustrates what we refer to as “recovery motion” in our model. This term describes the horizontal
motion of the oceanic plate relative to the horizontal motion from another simulation where the megathrust
interface slips freely at all times. Positive recovery motion indicates that the oceanic plate is moving faster than in
the free-slip model, while negative recovery motion means that it is moving slower. We observe positive recovery
motion of the shallow oceanic plate between —20 and 60 km from the trench (Figure 16a). The horizontal velocity
of the top of the oceanic plate at horizontal coordinate —25 km is substantially higher than the free-slip velocity
during the first ~17 years after the earthquake (Figure 16c). This is a consequence of the horizontal un-shortening
of the oceanic plate. The base of the oceanic plate also shows enhanced landward motion during the first year after
the earthquake (Figure 16b). The base of the oceanic plate between —20 and 60 km from the trench recovers much
more quickly from interseismic shortening than the top.

6. Conclusions

Our two-dimensional earthquake cycle model of the Japan Trench subduction zone megathrust rupture highlights
the importance of using a self-consistent model, in terms of slip deficit accumulation and release, to simulate
interseismic and postseismic deformation. We investigate the rheological makeup of the shear zone and mantle to
consistently explain the surface motion observed before and after the 2011 Tohoku-Oki earthquake. We use data
assimilation, in the form of an ensemble smoother with multiple data assimilation, to find a single set of pa-
rameters to explain both sets of observations. We test several combinations involving a linear Maxwell rheology
and a nonlinear power-law rheology in both the shear zone and mantle. Nonlinear dislocation creep with a stress
power of 3.0 within the mantle is favored over linear creep to match the postseismic transient in the observations.
Both interseismic and postseismic observations suggest that shallow viscoelastic relaxation (30-60 km depth) of
the continental mantle is required to allow sufficient plate bending. Additionally, our estimated rheological pa-
rameters of the mantle wedge and sub-slab asthenosphere, such as the activation energy and pre-exponent factor,
align with those derived from laboratory tests. Our results show that (deep) afterslip occurs downdip of the
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coseismic rupture. Nonlinear creep with a stress power of 2.5 within the shear zone is preferred over linear creep
to accommodate fast changes within the very early postseismic phase (within 3 years after the earthquake). A
segmentation of the shear zone is required to account for viscosity changes along the shear zone. Our inferred
shear zone rheology implies that shear zone creep is thermally controlled—assuming that the shear zone broadens
with increasing depth and temperature.

We demonstrate that the type of rheological law used affects the uniqueness of the solution between bulk
relaxation of the mantle and afterslip on the megathrust. A linear Maxwell rheology of the shear zone coupled
with a nonlinear power-law rheology of the mantle reveals trade-offs between parameters controlling afterslip and
bulk relaxation. If we impose a nonlinear rheology for both the shear zone and mantle, we can find a unique
geodetic footprint due to the spatiotemporal signature of both afterslip and mantle relaxation.

Postseismically, viscosities in the sub-slab asthenosphere drop about 1 order of magnitude with respect to the
steady-state viscosity before the earthquake. We put forward a combination of two processes to explain rapid
postseismic relaxation near the trench. First, enhanced landward motion is partly driven by viscous flow of the
sub-slab asthenosphere, which was previously suggested as the sole driver. The second process is captured by our
simulation of repeated earthquake cycles. The incoming oceanic plate and outgoing slab are continuously pushed
and pulled by velocity boundary conditions we kinematically apply at the two edges. Elastic shortening stresses
accumulated during the interseismic phase are only partly released coseismically. The remaining elastic stress is
released postseismically by enhanced landward motion of the oceanic plate, which is expressed in the form of
afterslip along the deeper upper part of the slab as well as the base of the slab. Due to the latter effect, the sub-slab
landward viscous flow is less pronounced to explain the observations and the postseismic sub-slab viscosities are
larger than previously suggested (over 7.0 X 10'® Pa-s) in our cyclic models. These results demonstrate the
importance of incorporating earthquake cycles using a consistent formulation to better constrain the processes
driving surface deformation during the interseismic and postseismic phases.
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Input and output files that were used for the models of this paper are digitally stored in the Yoda repository of
Utrecht University and are accessible in compliance with FAIR (Findable, Accessible, Interoperable, Reusable)
principles available at Marsman et al. (2024). The finite element modeling package, GTECTON, is available at
Govers and van de Wiel (2024). The GNSS displacements used in this study are available at https://www.gsi.go.
jp/ENGLISH/geonet_english.html, subject to the policies of the Geospatial Information Authority of Japan.
Figures are made using Generic Mapping Tools (Wessel et al., 2019), Adobe Illustrator, and Python 3.8.
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