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Introduction

1.1 Background: Geodesy and Understanding
the Megathrust Earthquake Cycle

1.1.1 Introduction

The work in this thesis concerns the megathrust earthquake cycle at sub-
duction zones. Subduction zones are where one tectonic plate sinks beneath
another (“subducts”). The megathrust dips down from an oceanic trench and is
the interface zone between the subducting and overriding plate. The megath-
rust accommodates the continuous relative motion between the two plates
on geological time scales. At any one time, most megathrusts are locked, in
scattered patches, by high friction that prevents fault slip. Megathrust earth-
quakes result from sudden, rapid slip along the megathrust when shear stresses
accumulate up to the point that they overcome the frictional strength of these
locked patches (“asperities”). The concept of the earthquake cycle is tightly
connected to the theory of interseismic elastic stress accumulation and co-
seismic rebound that Reid (1908) developed following the 1906 San Francisco
earthquake on the strike-slip San Andreas fault. The cycle of stress accumula-
tion and release at subduction zones begins and ends with a great megathrust
earthquake, with a recurrence interval decades to centuries long (Allen et al.,
1965; Allen et al., 1970; Tobin and Sykes, 1968; Shimazaki and Nakata, 1980;
Sieh, 1981). The earthquake cycle involves three main stages: the earthquake
is the coseismic stage that lasts less than a second for small earthquakes, and
up to 10 minutes during the largest earthquakes; the postseismic stage is a
period of days to decades of relatively rapid changes in surface deformation
and sea level following the earthquake; the interseismic stage is the period,



up to millennia in length, leading to the next earthquake. Despite the name,
the earthquake cycle it is not cyclic in the physics sense of being strictly regu-
lar, and particularly the largest earthquakes occur irregularly (Sieh, 1981) and
sometimes in clusters (Meltzner et al., 2010; Meltzner et al., 2015; Philibosian
et al., 2014; Philibosian et al., 2017; Melnick et al., 2017).

Great megathrust earthquakes, defined as having a moment magnitude
My above 8, are the most powerful earthquakes that occur on Earth. They
pose significant risks to the human populations and activities located in coastal
areas above subduction zones. Great megathrust earthquakes also represent
one of the most dramatic manifestations of plate tectonics. Considerable scien-
tific effort is therefore directed towards the study of these earthquakes. Earth-
quake seismology focuses on recording and analyzing ground and subsurface
motion (waves and shaking) during earthquakes. Kinematic geodesy measures
surface deformation that occurs during all stages of the earthquake cycle, in-
cluding deformation associated with earthquakes. The fields of earthquake
geology and paleogeodesy study and interpret geological records of the earth-
quake cycle. In this thesis, I focus on the interpretation of geodetic observa-
tions related to the megathrust earthquake cycle.

Scientific understanding of the megathrust earthquake cycle evolved over
time. A mechanical understanding of deformation at subduction zones was en-
abled by the first explorations of their structure. Vening Meinesz (1931) and
Vening Meinesz (1932) observed negative gravity anomalies offshore, parallel
to island arcs, and proposed that they were caused by lithospheric flexure.
Wadati (1935), Benioff (1954), and Hirokichi et al. (1957) mapped seismolog-
ically determined locations of earthquake hypocenters, which defined planes
(the Wadati-Benioff zones) dipping down from oceanic trenches under volcanic
arcs and orogens. Isacks et al. (1968) and Isacks et al. (1969) used focal mech-
anisms determined from seismological observations to infer that the shallow
earthquakes in the Wadati-Benioff zones are caused by underthrusting along
a fault plane parallel to the dip of the zone itself. This suggested that an
oceanic lithospheric plate was being underthrust beneath another in these re-
gions. These were termed subduction zones and were rapidly acknowledged
(Sales, 1968; Dickinson, 1970; Dietz and Holden, 1970; Hamilton, 1970) to
play a crucial role in the process of continental drift (Wegener, 1912; Wegener,
1924; Wilson, 1963; Wilson, 1965; Wilson, 1966) and in the mantle convection
that accommodates continental drift (Holmes, 1928; Holmes, 1931).

Early observations of surface deformation during great earthquakes were
made in the first half of the 20th century, using classical geodetic methods,
specifically triangulation, leveling, and relative sea level change. Some observa-
tions recorded the static surface offsets caused by large megathrust earthquakes
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in Japan, most notably the 1923 South Kanto (Miyabe, 1931; Muto, 1932),
1944 Tonankai and 1946 Nankaido earthquakes (Okuda, 1950; Miyabe, 1955).
Later, the 1960 My 9.4-9.6 Valdivia (Chile) and 1964 My, 9.2 Alaska (USA)
megathrust earthquakes prompted major scientific investigations of their co-
seismic deformation (Weischet and Huene, 1963; Plafker, 1965; Plafker, 1969;
Plafker, 1972; Plafker and Savage, 1970). These investigations described signif-
icant horizontal and vertical surface motion, with maxima greater than 20 m,
resulting from underthrusting. Meade (1965) and Meade (1971) and Hofmann
et al. (1968) used classical geodesy and optical ranging methods to observe sur-
face motion during the interseismic period on the San Andreas strike-slip fault.
These observations were later used to infer the mechanical behavior of major
plate boundary faults and regions, in the context of increasing acceptance and
refinement of the theory of plate tectonics.

1.1.2 Evolving Understanding and Physics-Based Mod-
els

The mechanical behavior of the subduction zone consists of processes occurring
largely in the subsurface, on and around the megathrust. However, scientific
observations of the deformation can only be made at the Earth’s surface, or
above it or at relatively shallow depths beneath it. In particular, geodetic ob-
servations, which can describe motion throughout the megathrust earthquake
cycle, commonly observe the motion of the solid surface. Using these obser-
vations to study the deformation associated with the megathrust earthquake
cycle thus requires tools that link surface observations to relevant subsurface
processes and properties. The necessary tools are physics-based models, i.e.,
structures, systems or procedures that simulate the features and behavior of
(some parts or aspects of) the world in accordance with physical laws. Models
focusing on the megathrust earthquake cycle generally need to cover vastly
different timescales and/or spatial scales and to have arbitrarily variable pa-
rameters within a large space of possible values. Therefore, the models gener-
ally used are quantitative, i.e., based on mathematics, as opposed to analog,
i.e., scaled physical representations of the subject of the study. More specifi-
cally, the quantitative models used are based on mathematical descriptions of
continuum mechanics, i.e., the relationships between forces, mass and motion
in a continuous medium.

Simulating the deformation that results from given model parameters, rep-
resenting physical properties and structure, is called forward modeling. Quan-
titative models can also be used to solve inverse problems, i.e., determining the
model parameters producing deformation that best approximates given obser-



vations of the real world. Inverse models use a forward modeling component
that links model parameters and observable quantities, together with deter-
ministic or probabilistic inversion methods that infer the parameters that best
explain the observed data. Quantitative forward models can be either nu-
merical or analytical. Analytical models consist of mathematical functions
(closed-form solutions) that solve mathematical equations describing the rele-
vant physical laws. An example of an analytical model is a Green’s function
describing deformation in semi-infinite elastic half-space due to discontinuous
displacement (e.g., Steketee, 1958). Numerical models compute solutions to
the physics equations via a variety of numerical algorithms. An example of
a type of numerical models is finite element models. Finite element methods
discretize a relevant spatial domain into a set of elements defined by a poly-
gon mesh. They then use the discretization to transform relevant differential
equations into a system of linear equations whose solution approximates the
differential equation solution at all mesh nodes (e.g., Zienkiewicz, 1971; Bathe
and Wilson, 1976). Both analytical and numerical models have proved very
valuable means to understand the megathrust earthquake cycle.

The increasing availability and quality of seismological and geodetic ob-
servations since the 1970s led to the introduction of the first physics-based
quantitative models of deformation resulting from fault slip. In particular,
Savage and Burford (1973) quantitatively linked geodetic observations to fault
creep by modeling the surface motion resulting from slip in a uniform, lin-
early elastic, continuous medium (Steketee, 1958; Weertman and Weertman,
1964). They found that portions of the San Andreas fault appeared to be
undergoing creep, i.e., slow, steady slip, while nearby portions were instead
locked, with strain probably accumulating in the surrounding region. Other
studies instead focused on the observed deformation during great earthquakes
(Chinnery, 1961; Hastie and Savage, 1970; Plafker, 1972; Shimazaki, 1972;
Kanamori and Cipar, 1974). They also employed models describing the de-
formation of a homogenous elastic half-space in response to slip, in this case
the coseismic fault slip. Meanwhile, Mescherikov (1968) and Scholz (1972) fo-
cused on the cyclical nature of deformation in zones hosting great earthquakes.
They observed how slow movement at a roughly constant rate alternated with
period of movement at different rates, consisting of a sometimes present slight
increase in rate of motion for some time before the earthquake, followed by
sudden rapid coseismic motion and rapidly decaying postseismic motion. They
also recognized that the rapid surface motion caused by the earthquake was
opposite in direction to interseismic motion. Scholz (1972), studying strike-
slip faults, explicitly suggested that motion throughout the earthquake cycle
could be modeled as resulting from elastic deformation in response to slip.
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In such a model, interseismic slip occurs in the opposite sense as coseismic
slip and correspond to the lack of slip, i.e. the build-up of slip deficit, which
accumulates elastic strain, as already suggested by Scholz and Fitch (1969),
and accordingly increases frictional shear tractions on the fault (Walsh, 1968).
Modeling slip in an elastic half-space was thus established as a useful means
to link surface deformation to motion on major faults, during both coseismic
and interseismic periods. The introduction of the moment magnitude scale by
Hanks and Kanamori (1979) yielded independent constraints on coseismic slip
magnitude and dimensions of the rupture surface.

1.1.3 Postseismic Relaxation and Different Modeling Ap-
proaches

Savage and Prescott (1978), Spence and Turcotte (1979), and Thatcher and
Rundle (1979) summarized and improved the understanding of the earthquake
cycle. In their understanding, mantle flow and aseismic creep on non-locked
portions of the fault allowed elastic strain to build up next to the locked por-
tions. When a locked portion ruptured, it hosted seismogenic slip, after which
build-up of strain resumed. These studies also began to develop and apply
more sophisticated models of subsurface deformation. Following early work
that postulated and modeled viscous flow in the asthenosphere (Elsasser and
Runcorn, 1969; Bott and Dean, 1973), they introduced the use of analytical
models of response to a slip in an elastic plate overriding a viscoelastic half-
space (Nur and Mavko, 1974; Rundle, 1978). Savage and Prescott (1978) and
Spence and Turcotte (1979) focused on major strike-slip faults, while Thatcher
and Rundle (1979) on a subduction megathrust. These studies marked the
start of the use of variously sophisticated physics-based models to explain
geodetic observations, and simultaneously of the debate about which mod-
els were sufficient, necessary, and ultimately more accurate in describing the
deformation within the Earth.

A key motivation for Thatcher and Rundle (1979) was the desire to explain
the postseismic surface motion observed geodetically after the Nankaido and
South Kanto megathrust earthquakes (Okada and Nagata, 1953; Matuzawa,
1964; Ando, 1975). Because of the limitations of geodetic methods available at
the time (i.e., leveling and tide gauges, mainly), the observations consisted pri-
marily of vertical displacement time series at a few locations. These showed
subsidence in the early postseismic period over several tens of km from the
coast, in contrast with coseismic uplift and with a pattern of near-coastal sub-
sidence and uplift farther afield in the late interseismic period. Building on
previous efforts (Fitch and Scholz, 1971; Bischke, 1974; Nur and Mavko, 1974;



Smith, 1975), Thatcher and Rundle (1979) developed a model of the megath-
rust earthquake cycle in which postseismic deformation was due to a combina-
tion of afterslip and viscous relaxation. Afterslip, i.e., postseismic slip caused
by coseismic stress changes, occurred on the deeper portion of the megathrust,
downdip of the section that ruptured coseismically. Viscous relaxation, i.e.,
the postseismic bulk viscous flow relaxing (reducing) the stress changes caused
by the earthquake, occurred in a viscoelastic half-space with Maxwell rheology
(Jaeger, 1956). This half-space represented the asthenosphere and underlay
elastic plates. Thatcher and Rundle (1979) concluded that viscoelastic relax-
ation alone was not sufficient to explain postseismic surface motion, as had
been proposed by Nur and Mavko (1974) using different analytical solutions
for the response of an elastic plate and Maxwell viscoelastic half-space to slip.
The necessity of considering viscous deformation was not immediately ac-
cepted by all researchers. Savage (1983) argued that deep afterslip alone,
rather than a combination of afterslip and viscoelastic relaxation, explained
the vertical postseismic displacement observed following the Nankaido earth-
quake. This study also applied the conceptual framework of Scholz and Fitch
(1969) and Scholz (1972) to a subduction zone context, inaugurating the use
of a backslip approach for the interseismic phase of the megathrust earthquake
cycle. In this approach, the superposition of two elastic deformation processes
simulated strain accumulation due to interseismic subduction, with the slab
moving downdip at depth but held in place at shallower depths by the locked
megathrust. One of the two processes was the slab sinking at a uniform rate,
with respect to the overriding plate and underlying asthenospheric wedge. The
other process was slip in the direction opposite to that of subduction (i.e., back-
slip) in the coupled portion of the megathrust only, adding up to no net slip
(i.e., locking) on the megathrust and no locking on the slab-wedge interface.
Thatcher and Rundle (1984), in contrast with Savage (1983), argued again
that their model including viscous flow was more accurate and better explained
observations made in Japan during different stages of the earthquake cycle,
particularly interseismic vertical velocities in the southwest. They also re-
marked that the interseismic velocity pattern in northeast Japan, in contrast,
could be explained neither by their model nor by an elastic half-space one,
and that postseismic evolution was more observed complex than their model
results. Their viscoelastic earthquake cycle model built on previous mathe-
matical model development by Rundle (1976), Rundle (1978), Rundle (1980),
Rundle (1982), and Rundle and Jackson (1977) and improved on previous
studies of the megathrust earthquake cycle in two ways: it included the effects
of interseismic viscous flow induced by subduction of the slab, mechanically
coupled to the overlying asthenospheric wedge, and gravity-induced buoyancy
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(isostatic) effects. At the same time, another series of studies had developed
a numerical modeling methodology that could simulate viscous and viscoelas-
tic material with non-linear as well as linear viscosities (i.e., relationships be-
tween stress o and strain rate ¢), with arbitrary geometry and slip distribution
(Melosh, 1976; Melosh, 1978; Melosh and Raefsky, 1983; Melosh and Raefsky,
1980; Melosh and Raefsky, 1983; Melosh and Fleitout, 1982).

1.1.4 Development of Satellite Geodesy and Related Mod-
els

The advent of space-based geodesy revolutionized the study of deformation
associated with the megathrust earthquake cycle. Radar observations from
spacecraft, especially synthetic aperture radar interferometry (InSAR), were
valuable (e.g., Massonnet et al., 1993; Peltzer et al., 1996; Massonnet and Feigl,
1998), as were gravity field measurements from satellites (e.g., Han et al., 2006;
Ogawa and Heki, 2007; Panet et al., 2007; Gotze and Mahatsente, 2010) and
observations of the geoid via satellite altimetry (e.g., McAdoo, 1981; Horai,
1982). Particularly useful were observations from global navigation satellite
systems (GNSSs), beginning with those from Global Positioning System (GPS)
in the late 1980s (see Segall and Davis, 1997, for an early review). In fact,
GNSS observations of displacement provided a much clearer picture of surface
motion than before, at least in horizontal directions. Vertical displacement
determined by GPS initially had uncertainties too high to be useful. Inter-
seismic GPS observations showed slow landward motion of the coast and thus
compression of broad regions adjacent to overriding plate margins known to
host earthquakes (Snay and Matsikari, 1991; Dixon, 1993; Freymueller and
Kellogg, 1993). This deformation was shown to be consistent with elastic
strain accumulation due to interplate convergence with a locked megathrust
in a fully elastic medium in two-dimensional (2D) (Hyndman and Wang, 1993;
Hyndman and Wang, 1995; Dragert et al., 1994; Dragert and Hyndman, 1995)
and three-dimensional (3D) models (Verdonck, 1995; Fliick et al., 1997). GPS
observations also showed a lack of significant strain accumulation in portions
of subduction zones not known to host great earthquakes, such as the Shuma-
gin Islands area in Alaska (Larson and Lisowski, 1994). One exciting finding
regarding interseismic deformation was the recognition of slow slip events on
the megathrust (Heki et al., 1997; Hirose et al., 1999). Overall, GPS obser-
vation provided insight into the interseismic behavior of the subduction sys-
tem, showing where elastic strain was being accumulated, not accumulated, or
slowly released.

Wang et al. (1994) constructed a 2D megathrust earthquake cycle model



and investigated what features, if any, could explain precise interseismic ob-
servations on Vancouver Island in Cascadia, including at GPS sites. The
model incorporated a viscoelastic asthenospheric mantle, with lower viscosity
in the asthenospheric wedge than in the sub-slab mantle, and a viscoelastic
shear zone as the downdip continuation of the megathrust. Wang et al. (2001)
successfully used a 3D viscoelastic earthquake cycle model to explain inter-
seismic velocities at a greater number of stations in the Cascadia subduction
zone. Hetland and Hager (2006) further investigated the effect of including
a viscoelastic asthenosphere in modeling interseismic deformation within an
earthquake cycle. They found that including repeated earthquake cycles in
the model allows for stresses to build up, in a spin-up process, after which
the interseismic surface deformation is invariant from cycle to cycle and re-
sembles a fully elastic model. Other studies, however, constructed fully elastic
models that successfully explained interseismic deformation, accounting for a
downdip transition from the fully locked brittle megathrust to a fully, stably
creeping shear zone (Wang et al., 2003; McCaffrey et al., 2007). All these
studies showed that the interseismic loading of a megathrust system with a
viscoelastic mantle was different than that of an elastic system, but did not
agree on the need to include a viscoelastic rheology to explain interseismic
GNSS observations.

While interseismic deformation was being observed and modeled in greater
detail, geodetic evidence of postseismic viscous relaxation had been accumu-
lating. The velocities of GPS sites in Chile, in the area where the 1960 earth-
quakes occurred, were directed landward close to the coast, consistently with
interseismic convergence and strain accumulation due to a locked megath-
rust, but were directed oceanward farther inland (Kendrick, 1997; Klotz et al.,
2001). This was interpreted as evidence of long-lived postseismic viscous re-
laxation, on the basis of numerical models with Maxwell viscoelastic mantles
(Khazaradze et al., 2002; Hu et al., 2004; Wang, 2007). Similarly to Chile,
oceanward GPS velocities were observed in the plate interior (western Ke-
nai peninsula and Anchorage area) of the region affected by the 1964 Alaska
earthquake, directed opposite to velocities closer to the trench (Cohen and
Freymueller, 1997; Savage et al., 1998; Savage et al., 1999; Freymueller et al.,
2000; Freymueller et al., 2008; Sauber et al., 2006). This was also explained
invoking enduring postseismic relaxation, at first only modeling deep afterslip
in an elastic medium (Freymueller et al., 2000; Zweck et al., 2002). Later,
combined models of afterslip and viscous relaxation were introduced (Sauber
et al., 2006; Suito and Freymueller, 2009), which showed that considering both
postseismic relaxation mechanisms was important to explain postseismic sur-
face motion.
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1.1.5 Modern Understanding of Postseismic Motion

The 21st century has so far seen several great megathrust earthquakes, the
most powerful of which were the 2004 My, 9.1-9.3 Sumatra-Andaman and
2011 Mw 9.1 Tohoku. The coseismic and postseismic displacements associated
with these and other great megathrust earthquakes was extensively observed
by networks of GPS stations and allowed leaps in the scientific understanding
of the megathrust earthquake cycle.

The Sumatra-Andaman earthquake was the largest in magnitude since the
1964 Alaska event. Deformation associated with it was recorded, apart from
seismological and gravity observations, by GPS observations, including high-
frequency as well as daily GPS displacement time series. GPS observations
captured coseismic motion and helped ascertain the extremely large extent of
the megathrust rupture (Banerjee et al., 2005; Banerjee et al., 2007; Vigny
et al., 2005; Kreemer et al., 2006). GPS observations also shows substan-
tial postseismic motion, with velocities directed oceanward in their horizontal
component all over the overriding Sunda plate (Hashimoto et al., 2006; Pollitz
et al., 2006; Banerjee et al., 2007; Paul et al., 2007; Gahalaut et al., 2008a).
Some studies incorporated afterslip alone in their models attempting to re-
produce viscous relaxation (Hashimoto et al., 2006; Hsu et al., 2006; Banerjee
et al., 2007; Paul et al., 2007). Hashimoto et al. (2006) justified the decision
to not include viscoelastic relaxation as due to the characteristic timescale
of decay of postseismic signals, shorter than would be expected from viscous
relaxation. However, Pollitz et al. (2006) and Pollitz et al. (2008) explained
postseismic observations by modeling afterslip and asthenospheric viscous re-
laxation with a Burgers viscoelastic rheology (Ivins, 1996; Pollitz, 2003). Such
a rheology includes two distinct viscosities and thus characteristic relaxation
times and could thus explain both the rapidly decaying postseismic signals
and the longer-lived postseismic relaxations, lasting for decades. Pollitz et al.
(2008) also considered the effect of a spatially heterogeneous viscosity struc-
ture, building on previous finite element modeling advancements (Masterlark,
2003; Hu et al., 2004), finding that it better explained vertical displacements.
These studies showed that a combination of afterslip and viscous relaxation
best explained observed postseismic deformation and that spatio-temporal rhe-
ological complexity was needed to reproduce the data.

The 2011 Tohoku earthquake was, and arguably still is, the great megath-
rust earthquake whose deformation was best recorded, in terms of the variety,
spatial coverage and accuracy of observations (e.g., Wang et al., 2018b, for an
overview). Geodetic observations consisted most notably of displacement time
series from onshore GNSS stations and from offshore GPS-acoustic (GPS-A)



observations, which use GNSS positioning of a vessel or buoy on the ocean sur-
face and acoustic ranging between the ship and a cluster of fixed transponders
to precisely locate a station on the ocean floor (Purcell et al., 1993; Kido et al.,
2017, e.g., ). These observations were inverted into detailed distributions of
coseismic slip (e.g., for compilations of coseismic slip models; cf. Tajima et al.,
2013; Brown et al., 2015; Sun et al., 2017). Coseismic slip was unusually large
in the shallow, near-trench portion of the megathrust (e.g. Meng et al., 2011;
Sun et al., 2017), although different inversions disagreed on exactly how large
it was and whether it peaked at the trench or at greater depths (Wang et al.,
2018a). Postseismically, onshore GNSS observations showed substantial ocean-
ward velocities, consistently with the expected motion of the overriding plate
due to both viscous relaxation and afterslip (e.g. Wang et al., 2012). Remark-
ably, however, some offshore GPS-A observations, on the overriding plate near
the trench, showed landward motion beginning shortly (less than two months)
after the earthquake (Guard, 2013; Sun et al., 2014; Watanabe et al., 2014) and
occurring at a faster rate than interplate convergence. This contradicted the
expectation that landward motion would progressively spread over the over-
riding plate over years, at rates no higher than interseismic convergence, as
relocking is restored and its effect prevails over postseismic relaxation (Wang et
al., 2012). Please refer to Chapter 4, Figure 4.1 for a schematic cross-sectional
overview of postseismic deformation following a large megathrust earthquake,
showing onshore and offshore motion after the 2011 Tohoku earthquake. Sun et
al. (2014) reproduced GNSS and GPS-A observations of postseismic displace-
ment following the Tohoku earthquake by incorporating afterslip and viscous
relaxation, with a relatively low viscosity, in a 3D model. In particular, vis-
cous flow was needed to explain the fast near-trench landward motion of the
overriding plate, while shallow afterslip could explain the offshore GPS-A sites
moving oceanward. The results of Sun et al. (2014) were substantially con-
firmed by later studies, which essentially established the importance of viscous
relaxation. These later studies also added nuance and complexity to the sub-
surface features that they used to explain postseismic observations (Watanabe
et al., 2014; Yamagiwa et al., 2015; Freed et al., 2017; Suito, 2017; Noda et al.,
2018; Agata et al., 2019; Muto et al., 2019; Fukuda and Johnson, 2021; Dhar
et al., 2022). For instance, Freed et al. (2017) pointed out the importance of a
layered viscosity structure and a cold nose in the asthenospheric wedge in ex-
plaining vertical surface displacement. Suito (2017) argued for a low-viscosity
layer at the top of the oceanic mantle, underlying the subducting plate, to
explain both far- and near-field horizontal postseismic motion simultaneously.
Agata et al. (2019) and Dhar et al. (2022) went beyond a biviscous Burgers
rheology while reproducing GNSS observations of postseismic motion due to
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the Tohoku earthquake. They used asthenospheric rheologies more consistent
with laboratory experiments (Hirth and Kohlstedt, 2003; Karato and Jung,
2003), with non-linear, power-law stress-strain rate relationships, as first ap-
plied in forward megathrust cycle modeling by Melosh (1976), Melosh (1978),
Melosh and Raefsky (1983), Melosh and Raefsky (1980), Melosh and Raefsky
(1983), and Melosh and Fleitout (1982).

1.1.6 Further Complexities and Open Questions

Analysis of the postseismic displacement time series observed via satellite
geodesy following 21st-century megathrust earthquakes was not geographi-
cally restricted to Sunda and Japan. For instance, Chile was also an impor-
tant source of data, as it hosted three great megathrust earthquakes in the
2010s: My, 8.8 2010 Maule, My 8.1 2014 Iquique, and My 8.3 2015 Illapel.
Boulze et al. (2022) analyzed the spatial pattern of cumulative postseismic
GNSS displacement after the three Chilean earthquakes and concluded that
they were similar, despite the different magnitudes. This strongly suggested
that the mantle behaved according to a linear (Maxwell or Burgers) viscoelas-
tic rheology, as opposed to a rheology with power-law viscosity. In contrast,
however, Pena et al. (2019), Pena et al. (2020), and Pefia et al. (2021) found
that a combined viscous relaxation and afterslip model with power-law rhe-
ology in the viscoelastic lower crust and upper mantle better explained GPS
observations following the Maule earthquake, compared to linear rheologies.
Other studies of postseismic deformation caused by great megathrust earth-
quakes considered processes different from viscous flow and afterslip. As rec-
ognized by Wang et al. (2012), relocking of the megathrust plays an important
role in determining the evolution of surface motion in the postseismic period.
In fact, the progressive ramping-down of afterslip allows for renewed locking
of the megathrust, and as the signature of viscous relaxation also decreases,
the effect of interplate convergence with a newly locked megathrust leads to
landward motion and shortening progressively extending over the overriding
plate. Bedford et al. (2016) thus attempted to isolate the effect of relocking
from that of afterslip and viscous relaxation by analyzing the direction of mo-
tion described by GNSS displacement time series after the Maule earthquake,
possible because of the obliqueness of interplate convergence. They concluded
that relocking happens rapidly, between instantly and 1 year after the rupture.
Remy et al. (2016) instead analyzed postseismic GNSS observations following
the smaller (Myy 8.0) 2007 Pisco (Peru) earthquake to determine the decay
of afterslip, ignoring viscous relaxation, and concluded that the rapid decay
(with a characteristic timescale of less than 3 years) implied rapid relocking,
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as a lack of postseismic slip implies, mechanically, that the megathrust is
newly coupled. However, there have been no efforts to incorporate megathrust
relocking into a forward modeling approach that can capture the other key
postseismic processes.

As several approaches and models were used to explain increasingly exten-
sive and complex postseismic observations starting after the 2004 Sumatra-
Andaman earthquake, different approaches were applied to interpreting inter-
seismic observations and highlighted different kinds of complexities in subsur-
face behavior. Various sophisticated inversion schemes, both deterministic and
probabilistic, were set up to determine where on megathrusts elastic strain are
being accumulated, as slip deficit is building up, and where and when they are
not accumulated or released, by stable creep or episodic slow slip (e.g., Yosh-
ioka et al., 2005; Suwa et al., 2006; Chlieh et al., 2008; Moreno et al., 2008;
Loveless and Meade, 2011; Loveless and Meade, 2016; Métois et al., 2012; Mé-
tois et al., 2013; Métois et al., 2014; Métois et al., 2016; Nocquet et al., 2014;
Gombert et al., 2018). For the forward modeling of surface motion resulting
from fault locking, these studies used analytical solutions for dislocation in an
elastic half-space, usually taken from Okada (1985), and applied the backslip
approach introduced by Savage (1983). Such a methodology is computation-
ally inexpensive and enables the use of those sophisticated, computationally
demanding inversion schemes. The results of these inversions detailed the het-
erogenous spatial distribution of interplate coupling, expressed as a fraction
of the stable long-term interplate convergence rate. Furthermore, areas of
strong coupling generally agreed with the location of ruptures producing great
megathrust earthquakes (e.g., Suwa et al., 2006; Chlieh et al., 2008; Hashimoto
et al., 2009; Liu et al., 2010; Moreno et al., 2010; Loveless and Meade, 2011;
Protti et al., 2014; Métois et al., 2016; Gombert et al., 2018), even confirming
expectations of studies that preceded recent earthquakes (e.g., Métois et al.,
2012; Meétois et al., 2013; Métois et al., 2014). This corroborated the criteria
elaborated in the 1960s and 1970s for where to expect great earthquakes in the
near future (cf. Section 1.1.1; Fedotov, 1965; Tobin and Sykes, 1968; Kelleher
et al., 1973; Ando, 1975).

Li et al. (2018b) went beyond the use of elastic models in inverting GNSS
observations into interseismic coupling distributions. They recognized that
viscous flow in the asthenosphere implied a different response of the mechani-
cal system to loading compared to a fully elastic Earth, including during stable
interseismic convergence with a locked megathrust. They thus employed a 3D
finite element model with Maxwell viscoelastic asthenospheres underlying the
two elastic plates in the deterministic inversion of the GNSS velocities into
a megathrust coupling distribution for the Cascadia subduction zone. They
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showed that strong coupling needed to extend to shallower depths to explain
the observed surface velocities, compared to inversions that assumed an en-
tirely elastic subsurface. Itoh et al. (2019) not only used Maxwell viscoelastic
asthenospheric mantles in a finite element model, but also found that interseis-
mic observations in the southern Kurile subduction zone were best explained
by a heterogeneous asthenospheric wedge and overriding plate, with greater
compliance in the arc and (to a lesser extent) back-arc regions, compared to
the forearc. Itoh et al. (2021) then used such a heterogenous overriding plate
and asthenospheric wedge to invert observed interseismic velocities at GNSS
stations in that subduction zone into a coupling distribution, finding that a
shallower depth of full coupling was needed to explain observations compared
to previous inversions with simpler models. Herman et al. (2018) instead called
attention to the physical meaning of interseismic coupling inversions. They
used a geometrically simple finite element model with a Maxwell viscoelastic
mantle wedge to show how slip deficit accumulated in regions of the megath-
rust adjacent to fully coupled asperities, because of the mechanical continuity
of the plate on either side, in a phenomenon they called pseudo-coupling. Her-
man and Govers (2020) applied the pseudo-coupling concepts, although using
analytical solutions for slip in an elastic half-space, to perform a probabilistic
inversion of GNSS observations along the Andean subduction zone into the
location and geometry of truly locked asperities. They found that relatively
small asperities (less than 50 km in linear size) could explain observations and
defined a locking distribution in agreement with known ruptures and previous
coupling inversions. However, despite these various advances in the under-
standing of megathrust behavior and of the role of viscoelastic rheologies in
the interseismic period, elastic half-space forward models continue to be rou-
tinely used to invert GNSS velocities into distributions of interplate coupling
expressed as fractions of the interplate convergence rate.

Inversions of geodetic observations into megathrust coupling not only cap-
tured snapshots of locking averaged over certain time periods, but also revealed
temporal variations in such coupling (e.g., McCaffrey et al., 2000; Nishimura
et al., 2004; Loveless and Meade, 2016). According to Loveless and Meade
(2016), these variations included preseismic increases in the size of the locked
areas of the megathrust along the Japan trench before the 2011 Tohoku earth-
quake and postseismic increase in the locked areas hundreds of km away from
the rupture zone. However, other studies cast doubt on whether these appar-
ent postseismic changes in coupling reflected effective changes of locking on the
megathrust. Heki and Mitsui (2013) interpreted the surface velocity increase
in the landward direction, associated with the Tohoku earthquake and later
mapped by Loveless and Meade (2016) into increased megathrust coupling,
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as caused by interplate convergence acceleration due to an altered force bal-
ance. Melnick et al. (2017) observed similar velocity changes associated with
the 2010 Maule earthquake and proposed they could be explained by bending
associated with postseismic relaxation. Melnick et al. (2017) further argued
that the deformation they proposed as explanation of the landward velocity
increases associated with the 2010 Maule earthquake also triggered the 2015
Illapel megathrust earthquake and possibly explained geological evidence of
clustering in paleoseismic megathrust activity (Meltzner et al., 2010; Meltzner
et al., 2015; Philibosian et al., 2014; Philibosian et al., 2017). Meanwhile,
Nocquet et al. (2014) had analyzed classical geodetic, GNSS, and paleoseismic
geological observations. They had concluded that the 1906 My 8.8 earth-
quake in the Ecuador-southern Colombia subduction zone followed a period of
seismic quiescence and inaugurated a new supercycle of increased seismogenic
strain release, during which two co-located megathrust earthquakes released
more strain than accumulated since the 1906 event. These studies prompted
a more general questioning (Loveless, 2017) of the validity of the common
assumption that the megathrust earthquake cycle involves regularly periodic
ruptures of fixed asperities, each associated with interseismic strain accumu-
lation in a given pattern at a constant rate. However, little agreement exists
regarding the nature of the spatio-temporal interaction of different asperities,
or indeed even what the spatiotemporal evolution in the coupling distribution
is. For instance, Mavrommatis et al. (2014), Mavrommatis et al. (2017), and
Abe and Yoshioka (2022) concluded that the size of locked asperities along the
Japan Trench gradually decreased over the years before the 2011 Tohoku earth-
quake, in contrast with the inversion results of Loveless and Meade (2016), and
proposed a physics-based model of reduction in asperity size through time, in-
voking thermal pressurization. Saillard et al. (2017) instead analyzed GNSS
velocities, historical earthquake records, and coastal geomorphology of the
Andean subduction zone and found that locked areas evidenced by geodesy
coincided with historical ruptures and recesses in the coastline. They thus con-
cluded that long-lived asperities probably exist on the megathrust as frictional,
physical features. Yuzariyadi and Heki (2021) analyzed interseismic GNSS dis-
placement time series and highlighted landward increases in velocities in areas
located laterally to the rupture following four other megathrust earthquakes
worldwide, apart from those associated with the Tohoku and Maule earth-
quakes and first noticed respectively by Heki and Mitsui (2013) and Melnick
et al. (2017). The mechanism responsible for these fairly commonly observed
postseismic motions remains unclear.
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1.2 Purpose and Approach

1.2.1 General Goals and Methods

The purpose of this thesis is to investigate some open scientific questions re-
lated to the study of megathrust earthquake cycles. It makes use of the ad-
vancements in understanding of the paste few decades while taking the op-
portunity to clarify some aspects of deformation during the cycle that remain
poorly understood, explored, or agreed upon.

Great effort has been devoted to explain specific observations using models.
Many recent (and not-so-recent) studies focus on specific geodetic observations
in specific subduction zones and choose specific methods that best allow inter-
preting those observations. These methods involve models, often numerical,
that incorporate some physics in an attempt to link subsurface deformation
and dynamics, which cannot be observed directly, to observations recorded on
Earth’s surface (or from orbit). The results of these models generally explain
observations very successfully and can be greatly insightful. However, it is
important to recognize that a successful inverse model does not imply that
the deformation in the model closely approximates the reality of subsurface
deformation. This is the case because of the great degree of non-uniqueness of
the possible models that fit observations, as well as because of the complexity
of the subsurface structure and rheology and of the processes that occur there.
Additionally, as seen in Section 1.1, the models that are effective and conve-
nient to use for one phase of the cycle are not necessarily convenient for all
phases, and there is much disagreement regarding which processes should be
incorporated in models that attempt to explain observations made in different
phases.

In this thesis, I investigate processes what may be expected to occur near
multiple, if not all, subduction zones globally. This approach involves building
forward models of the cycle that incorporate their main physical features like
approximate geometry, an elastic slab and overriding plate, and viscoelastic
asthenosphere. It then uses the results of these models to gain insight into
general processes that can explain widespread geodetic observations. Given
the greater accuracy of the horizontal component of GNSS displacement time
series and velocities and the greater complexity apparently needed to explain
the vertical displacements and velocities, in this thesis I focus on horizontal
motion. The models in this thesis are similar to each other. They use forward
numerical modeling methods that allow largely arbitrary physical parame-
ters and treatment of internal and external boundaries. More specifically, the
models use the finite element technique, which allows arbitrary model mesh
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resolution and arbitrary geometry of the volumes within the models. Addi-
tionally, the volumes can have discrete boundaries between them, which can
host relative motion, freely, with a resisting traction, or by an imposed slip or
slip rate (Melosh and Raefsky, 1981; Melosh and Williams, 1989). The numer-
ical modeling software used to solve the mechanical equilibrium equation over

time is GTECTON (Govers and Wortel, 2005; Govers et al., 2018).

In this thesis, I construct 3D earthquake cycle models with viscoelastic
mantle underlying elastic plates. This choice is made in accordance with the
wide consensus that 3D viscoelastic flow is needed to explain postseismic ob-
servations (e.g., Wang et al., 2012; Sun et al., 2014; Watanabe et al., 2014;
Yamagiwa et al., 2015) and with the recognition that it is relevant also for
interseismic loading of the material on either side of the megathrust (Hetland
and Hager, 2006; Li et al., 2018b). Each model is spun up via multiple earth-
quake cycles, as the response of viscoelastic material to a repeated cycle differs
from the response to the first earthquake cycle with non-zero initial stresses
(Hetland and Hager, 2006). The two main postseismic relaxation mechanisms,
viscous relaxation and afterslip, are included. Relocking is also included, and
its timing is the subject of Chapter 3. To avoid having to arbitrarily impose
a realistic coseismic slip distribution driving deformation, and to capture the
loading and unloading of the plates and asthenosphere during convergence and
earthquake-associated deformation, the models are driven by imposed conver-
gence of the plates, by the coupling and pseudo-coupling due to fully locked
asperities (after Herman et al., 2018), and by imposed periodic unlocking and
relocking of each asperity. Along-trench variation in subduction zone geome-
try and rheological heterogeneity in either the plates or mantle are excluded
from the models, unless when deliberately introduced to investigate specific
mechanisms. This follows from the choice of not aiming to reproduce spe-
cific observations, which requires complexity, but of investigating mechanisms,
which is only made more difficult by additional complexity. For the sake of
simplicity and ease of analysis of model sensitivities to other parameters, and
since no single study in the thesis focuses on capturing the entirety of post-
seismic deformation over timescales varying from months to decades after the
earthquake, a linear Maxwell viscosity is used. This viscosity is varied by or-
ders of magnitude depending on the specific goal of the study and also to test
the sensitivity of the model results to values that are more in line with the
long-term or short-term decay of postseismic deformation in subduction zones
worldwide.
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1.2.2 Content of This Thesis

The rest of this thesis consists of three chapters, focusing on different observa-
tions. In the next, Chapter 2, I analyze the spatial distribution of interseismic
velocities in connection with the loading of the overriding plate. The motiva-
tion for this work is that interseismic velocities decrease rapidly with distance
from the trench and reach near-zero values within several hundreds of km,
while coseismic displacements extend to thousands of km from the trench dur-
ing large megathrust earthquakes. Additionally, analyses of interseismic de-
formation at subduction zones generally focus on specific geographical regions
and on inverting observations into coupling distributions. They often do so
via elastic half-space models or via finite element models with boundaries rel-
atively close to the trench, generally ignoring some rheological and mechanical
structure, especially in the plates. This chapter instead considers the far-field
velocity field over the entirety of the overriding plate, where interseismic GNSS
velocities are available, at three well-instrumented subduction zones. The goal
is to better understand what features are needed to explain the far-field distri-
bution of interseismic velocities. The study separates the observed velocities
into locally trench-perpendicular and trench-parallel components, interpolates
them into continuous fields, and observes a discontinuity (“hurdle”) in the
trench-perpendicular gradient of both components, generally following major
geological or tectonic boundaries. It then successfully tests the hypothesis that
a discontinuity in plate compliance can explain the hurdle. It also explores the
sensitivity of the results to bulk mechanical parameters, including the spe-
cific compliance contrast, to different megathrust locking distributions, and to
the characteristic timescale of relaxation in relation to the earthquake recur-
rence interval. The key implication is that the contrast between the deformed,
tectonically young plate margin region and the more stable plate interior is
important to explain the observed macroscopic distribution of interseismic ve-
locities.

The last two chapters focus on postseismic deformation and discuss poorly
understood, apparent or real, locking behavior of the megathrust. In par-
ticular, Chapter 3 investigates the apparent increases in coupling inferred to
have occurred after six different megathrust earthquakes, for which different
alternative mechanisms were proposed (Heki and Mitsui, 2013; Melnick et al.,
2017; Yuzariyadi and Heki, 2021). The goal is to investigate the deformation
that can be explained by a regular earthquake cycle, with no variations in
coupling nor slab acceleration. The hypothesis is that plate bending during
postseismic relaxation can explain the observed landward increases in surface
velocities, as proposed by Melnick et al. (2017). The study finds that viscous
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relaxation following the earthquake can produce landward velocity increases
in portions of the overriding plate located laterally along the trench. It inves-
tigates this mechanism, finding it can indeed be described as in-plane bending
of the overriding plate, driven by the oceanward viscous flow in the astheno-
spheric wedge. However, the intensity and temporal persistence of observed
velocity changes cannot be explained by this mechanisms, regardless of the sev-
eral different model parameters tested. The hypothesis is thus falsified, with
the exciting implication that further work is needed to ascertain the cause of
observations. Another important implication is that the observed landward
velocity increases probably results from increased slip deficit accumulation in
the regions of the subduction zones where they are observed, with implications
for seismic hazard.

Finally, Chapter 4. This was observed shortly after the Tohoku earth-
quake and prompted many models of postseismic viscous relaxation, indeed
definitively establishing the importance of viscoelastic rheologies in the study
of the megathrust earthquake cycle (Sun et al., 2014; Watanabe et al., 2014;
Yamagiwa et al., 2015; Freed et al., 2017; Suito, 2017; Noda et al., 2018;
Agata et al., 2019; Muto et al., 2019; Fukuda and Johnson, 2021; Dhar et al.,
2022). The chapter also focuses more broadly on postseismic deformation,
and specifically on another mechanism, megathrust relocking, whose timing
remains poorly understood. In fact, the chapter hypothesizes a connection be-
tween megathrust relocking and postseismic observations of rapid near-trench
overriding plate motion, postulating that relocking is needed for such obser-
vations. Model results show that this is indeed the case, which is interpreted
to indicate that the offshore landward motion reflects the landward motion of
the slab as a result of deep afterslip and of viscous relaxation in the sub-slab
mantle. They also indicate that such landward motion needs a locked shal-
low megathrust relocking to transmit to the tip of the overriding plate. The
chapter also discusses the implications for the frictional nature of the shallow
megathrust of the need for it to be locked shortly after the earthquake.

Chapter 2 was submitted as a manuscript for publication in Geophysical
Journal International; a moderate revision of the manuscript is currently under
review. Chapter 3 was published in Journal of Geophysical Research: Solid
Earth as D’Acquisto et al. (2023). Chapter 4 was published in Geophysical
Research Letters as D’Acquisto and Govers (2023).
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2

Reconciling the conflicting
extent of overriding plate
deformation before and
during megathrust
earthquakes in South
America, Sunda, and
northeast Japan

2.1 Introduction

The great megathrust earthquakes of the previous decades happened after or
during the deployment of continuous geodetic networks. Many studies focused
on constraining the coseismic fault slip during these earthquakes by combin-
ing geodetic with seismological observations (e.g., Simons et al., 2011; Vigny
et al., 2011). Postseismic processes like relocking, afterslip and viscoelastic
flow started to become apparent in the geodetic measurements shortly after
these events and continue today, spawning a rich variety of studies that cast
new light on processes and rheological properties. The first earthquake that
revealed the widespread extent of coseismic deformation via satellite geodesy
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Figure 2.1 Horizontal coseismic displacements observed at GNSS sites during the
2010 Maule earthquake. Observations are sourced from Delouis et al. (2010), Lin
et al. (2013), Moreno et al. (2012), Tong et al. (2010), and Vigny et al. (2011).

was the Mw 9.2 2004 Sumatra-Andaman earthquake. Remarkably, coseis-
mic displacements were recorded at GNSS stations more than 3,000 km away
from the megathrust (Vigny et al., 2005). Similarly, GNSS stations far into
the South American continent recorded displacement due to the Mw 8.8 2010
Maule (Chile) earthquake as far as 1,700 km from the trench (Figure 2.1; Pol-
litz and Thatcher, 2010). Likewise, Wang et al. (2011) observed significant
coseismic static offsets up to 2,500 km away from the epicenter following the
Mw 9.0 2011 Tohoku earthquake.

Strain that has accumulated during interseismic periods (mostly) recovers
during large megathrust earthquakes and resulting postseismic relaxation (e.g.,
Wang et al., 2012) and, in at least some cases, also in slow-slip events (SSEs)
(e.g., Dixon et al., 2014; Protti et al., 2014; Voss et al., 2017). Several studies
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have focused on determining the interseismic megathrust locking pattern and
correlating it to the coseismic slip pattern (e.g., Moreno et al., 2010; Loveless
and Meade, 2011; Protti et al., 2014; Malservisi et al., 2015; Nocquet et al.,
2017). Observed interseismic velocities (relative to a stable overriding plate
reference) are directed landward and decrease with distance from the trench.
Interseismic strain buildup seems to focus closer to the margin of the overriding
plate, within several hundreds of kilometers from the trench (e.g. Drewes and
Heidbach, 2012; Kreemer et al., 2014; McKenzie and Furlong, 2021; Simons et
al., 2007), compared to deformation due to the largest megathrust earthquakes.
In many locations, a distinct break in the slope of the interseismic velocity
gradient is observed; from a high velocity gradient near the trench to a small
velocity gradient farther away (Brooks et al., 2003; Khazaradze and Klotz,
2003; Nocquet et al., 2014; McFarland et al., 2017).

Explanations of the observations vary. The decrease in interseismic veloci-
ties with increasing distance from the trench can often be reproduced using a
model with a (partly) locked megathrust fault in an elastic halfspace (Chlieh
et al., 2008; Ruegg et al., 2009; Liu et al., 2010; Métois et al., 2012). For parts
of the South American plate, Norabuena et al. (1998) pointed out that inter-
seismic strain accumulation is higher farther inland than could be explained
by megathrust locking in a fully elastic Earth. Studies focusing on the Cen-
tral Andes (Norabuena et al., 1998; Bevis et al., 2001; Brooks et al., 2003;
McFarland et al., 2017; Shi et al., 2020) therefore adopted a seismically active
backthrust to explain the observed presence of interseismic strain accumulation
and of a stable interior beyond the backthrust. Other studies identify slivers
or microplates that are bounded by major faults and that are interpreted as
decoupled from the rest of the overriding plate, thus deforming and rotating
with respect to the plate interior (Métois et al., 2014; Nocquet et al., 2014).
Both explanations rely on active faults or shear zones, such as backthrusts
with a trench-perpendicular length of 200 km (Weiss et al., 2016; McFarland
et al., 2017), that reach deep into the lithosphere and allow near-independent
motion of adjacent tectonic domains.

As stated above, interpretations of interseismic strain accumulation are
commonly based on fully elastic models, in which overriding plate velocities
decrease rapidly with distance from the trench. Postseismic stress relaxation
demonstrates however that the asthenosphere behaves viscoelastically. Models
with a viscoelastic asthenosphere rheology predict interseismic velocities that
decrease more gradually with distance from the trench compared to elastic
models (Wang et al., 2012). For increasingly higher asthenospheric viscosities,
model results converge to elastic-like behavior with strain accumulation that
is more concentrated in the near-trench region (Trubienko et al., 2013; Li et
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al., 2015; Li et al., 2020; Shi et al., 2020). Lower model viscosities result in
interseismic velocities that remain significant up to thousands of kilometers
into the overriding plate. To match the observed interseismic velocities with
their viscoelastic models, Trubienko et al. (2013) and Li et al. (2015) use long-
term (Maxwell) viscosities effectively in the range of 4.0-5.1 cdot10'® Pa-s when
accounting for the use of plane-strain two-dimensional (2D) models on the
relaxation timescale (Melosh and Raefsky, 1983). These values are well beyond
the high end of the range of estimates of asthenospheric wedge viscosities (4.0—
10 - 108 Pa - s) from recent studies of postseismic viscous relaxation (Hu and
Wang, 2012; Broerse et al., 2015; Klein et al., 2016; Li et al., 2018a; Qiu et al.,
2018; Agata et al., 2019; Muto et al., 2019; Fukuda and Johnson, 2021, see
Section 5.2).

The South American margin has played a significant role in the develop-
ment of ideas about interseismic strain accumulation because of the presence
of an extensive continental plate interior. In other subduction zones, the gra-
dient of interseismic velocities is also observable over a wide distance, although
the view is fragmented because of offshore regions with no GNSS observations
Figures 2.2 and 2.3. Interseismic velocities in Sumatra before the 2004 earth-
quake show a distinct decrease with distance from the trench (Prawirodirdjo
et al., 2010; Simons et al., 2007), even though the trench-parallel motions
are strongly affected by the Sumatran Fault (Genrich et al., 2000). Similarly,
landward velocities in northern Honshu (Japan) and Hokkaido, recorded be-
fore the 2003 Tokachi and 2011 Tohoku earthquakes (Sagiya et al., 2000), show
a steep decrease with distance from the trench. More significant difficulties in
observing the interseismic velocity gradient arise in other subduction margins
like Cascadia, where other tectonic processes overprint the interseismic locking
signal, like the Mendocino Crustal Conveyor (Furlong and Govers, 1999) and
the northward migration of the Sierra Nevada-Great Valley block (Williams et
al., 2006). In southern Honshu and Shikoku, strain rates due to convergence on
the Japan trench and Nankai trench are superimposed, which makes it difficult
to isolate the far-field interseismic velocity pattern. As discussed in (Govers et
al., 2018), continental Alaska shows continuing postseismic relaxation follow-
ing the 1964 Prince William Sound earthquake. For these reasons, we focus on
regions which, although exhibiting tectonic complexities, show identifiable sig-
natures of interplate convergence and megathrust locking and for which data
unaffected by postseismic relaxation are available: South America, Sunda, and
northern Japan.

In the present study we address the apparently contrasting geodetic ob-
servation that interseismic deformation of the overriding plate focusses within
several hundreds of kilometers from the trench, whereas coseismic strain re-
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lease extends over much greater distances. We observe a break in the slope
of trench-parallel and trench-perpendicular velocity components as a func-
tion of trench distance, which we refer to as a hurdle. Long-lived subduction
tectonically accretes blocks and deforms the overriding plate, by an amount
that depends on existing lithospheric compliance contrasts (Mouthereau et al.,
2013; Pearson et al., 2013). These compliance contrasts, inherited and result-
ing from tectonic rejuvenation, remain visible today as significant contrasts in
the effective elastic thickness of the lithosphere (Watts, 2015) that correlate
with tectonic boundaries between different blocks (Watts et al., 1995; Stewart
and Watts, 1997). Convergent deformation, including backthrusts, likely lo-
calizes at these naturally occurring contrasts. Here we consider the possibility
that these lateral contrasts cause the hurdle-like behavior of the overriding
plate. Because of our context of the earthquake cycle we consider contrasts in
elastic properties.

Our study consists of two main elements: mapping the patterns of inter-
seismic velocities, and interpreting interseismic velocity gradients in terms of
mechanical contrasts. We characterize the spatial pattern of horizontal in-
terseismic surface motion along the South America Trench, the Sunda Trench
and Japan Trench based on available observations Section 2.2. Near-trench re-
gions are typically (much) more densely instrumented than intermediate and
far-field regions, and interseismic velocities of benchmarks have variable un-
certainties. We account for how these factors propagate into uncertainties in
the interpolated velocity fields. We estimate the approximate location of the
hurdle, the dominant break in the slope of interseismic velocities, and discuss
its significance.

To test our hypothesis that hurdle-like behavior is related to elastic con-
trasts in the overriding plate, we construct a three-dimensional viscoelastic
numerical model (Section 2.3), analyze our model results and their robustness
(Section 2.4). Next, we discuss their significance and possible interpretations in
the context of other proposed causes (Section 2.5). We conclude (Section 2.6)
that a mechanical contrast in the overriding plate, with a more compliant
near-trench region and a less compliant far-field region, is a likely candidate
for explaining both the interseismic and coseismic observations in the three
analyzed subduction zones.
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2.2 Analysis of Interseismic Velocity Observa-
tions

2.2.1 Data Selection

We compile previously published horizontal velocities along three convergent
margins with abundant interseismic GNSS observations: the Peru-Chile Trench
(South America) (Kendrick et al., 2001; Klotz et al., 2001; Brooks et al., 2003;
Brooks et al., 2003; Brooks et al., 2011; Chlieh et al., 2004; Gagnon et al.,
2005; Ruegg et al., 2009; Seemiiller et al., 2010; Drewes and Heidbach, 2012;
Métois et al., 2012; Métois et al., 2013; Métois et al., 2014; Alvarado et al.,
2014; Nocquet et al., 2014; Blewitt et al., 2016; Weiss et al., 2016; McFarland
et al., 2017; Klein et al., 2018b), the Sunda Trench (Sumatra and Java, In-
donesia) (Genrich et al., 2000; Bock et al., 2003; Simons et al., 2007; Chlieh
et al., 2008; Prawirodirdjo et al., 2010; Kreemer et al., 2014; Koulali et al.,
2017), and the Japan Trench (Sagiya et al., 2000; Apel et al., 2006; Jin and
Park, 2006; Liu et al., 2010; Nishimura, 2011; Ohzono et al., 2011; Shestakov
et al., 2011; Yoshioka and Matsuoka, 2013; Kreemer et al., 2014; Freed et al.,
2017). To prevent contamination by postseismic velocities that are oceanward
and opposite to landward interseismic velocities, we exclude velocities follow-
ing significant (M,, > 7.5) earthquakes in the trench-perpendicular sector of
the subduction zone where the megathrust event occurred (see Figure 2.2),
unless the published velocities were explicitly corrected for postseismic tran-
sients. Please refer to the Tables 2.1 to 2.3 for more details on the observation
period of data sources and possible postseismic corrections. We use velocities
expressed in the global reference frame ITRF (Altamimi et al., 2011). For the
majority of our data sources we make use of the velocity tables from (Kreemer
et al., 2014), who have estimated a translation rate and rotation rate for each
published set of velocities to express velocities in the same IGS08 reference
frame (the IGS realization of ITRF2008; Rebischung et al., 2012). We feature
velocities expressed in ITRF2005, ITRF2008, and ITRF2014; differences re-
sulting from these different realizations are well below the 1 mm - yr=! level
(Métivier et al., 2020). We also include velocities from Weiss et al. (2016),
which are only provided in a self-determined, non-explicit South America ref-
erence frame. However, biases because of different reference frames are small:
the mean difference in velocities between those of Weiss and the South America
far-field velocities of Blewitt et al. (2016) is below 0.2 mm - yr—!.

Subsequently, we transform ITRF-expressed velocities to the overriding
plate reference. For the sites in South America and Japan we apply the South
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America and Okhotsk Euler poles, respectively, of Kreemer et al. (2014). For
Sumatra we make use of the Sunda Euler pole of Simons et al. (2007), who iden-
tify Sundaland as a coherent block moving independently of the South China
block farther north. More information about data sources is available in Sec-
tion 2.9.2 and Tables 2.1 to 2.3. The resultant interseismic velocities, described
in a consistent reference frame throughout each studied region, show a clear
contrast between high near-trench velocities and a stable interior (fig. 2.2).

2.2.2 Velocity Decomposition Into Trench-Perpendicular
and -Parallel Components

We define a conformal projection using a Schwarz-Christoffel map (Driscoll,
2002) to identify trench-perpendicular and -parallel directions in our study ar-
eas. This produces a coordinate system that smoothly grades, from precisely
aligned (parallel and perpendicular) to the trench at the trench, to aligned with
the broad regional trend of the trench in the plate interior. From the math-
ematical mapping of geographical coordinates into local trench-perpendicular
and -parallel coordinates we derive the angles between the two orthogonal co-
ordinate systems at an arbitrary location, allowing us to compute the trench-
perpendicular and trench-parallel components of each velocity vector. Figures
S1-S3 in the Supporting Information show the mapping of the local coordinate
grid into geographical coordinates (also shown in Figure 2.2) and the decom-
position of the velocities in locally trench-parallel and trench-perpendicular
components.

2.2.3 Interpolation of the Decomposed Velocity Fields

Most geodetic studies of GNSS interseismic deformation have focused on the
deforming zones close to the margin for the purpose of estimating megathrust
locking. In most regions, GNSS stations are unevenly distributed, much more
densely in near-trench areas than farther away from the trench, in the far-field
plate interior that is used as the stable reference. To obtain homogeneously-
distributed velocity amplitudes and estimate the location of velocity gradient
discontinuities, we separately interpolate the observed trench-perpendicular
and -parallel velocity components. We account for the propagation of ob-
servational uncertainty and for the potential velocity variability in between
observation sites in the following way. We interpolate the velocities and es-
timate uncertainties using ordinary kriging (Wackernagel, 2003), a weighted
mean method that relies on the statistics of the observed data. The mean,
variance and correlation of the velocity field are spatially heterogeneous, so
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Figure 2.2 Interseismic GNSS data that we use in our study regions. Panels show
published geodetic velocities, coastlines and topography, and active faults in green.
Thick black arrows show interplate convergence velocities from Kreemer et al. (2014)
(South America), Simons et al. (2007) (Indonesia), and Kreemer et al. (2014). Red
stars show epicenters of earthquakes (M,, > 7.5) that affect our data selection as
follows. In each segment of the subduction zone that hosted such earthquake, we
discard all velocities from our estimate of the interseismic velocity field. Specifically,
we exclude data in the region affected by coseismic displacements and postseismic
transients indicated by colored sections of the trench. In South America, we thus
exclude all data after the 1995 Antofagasta earthquake. Similarly, we exclude all
post-2011 Tohoku data in Japan. Velocities increase towards the west in southwest
Hokkaido likely due to postseismic relaxation after the 1993 Hokkaido Nansei earth-
quake (Ueda et al., 2003), which is whyp&e exclude these data also. We set data
exclusion zones stretching from the indicated parts of the trench to a given distance
from the trench (1000 km and 1500 km for events larger than M,, > 8.7), which we
apply to data collected after the events. Gray lines show the conformal grid that we
use to identify trench-perpendicular/parallel directions.
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we define natural neighborhoods to construct correlograms that describe the
local variability of the velocity field (Broerse et al., in prep.; Fouedjio and
Séguret, 2016; Machuca-Mory and Deutsch, 2013). We specifically account for
the curvature of the Earth in the computation of distances and the choice of
covariance models in the kriging procedure. Further technical details are in
Section 2.9.2 and Figures 2.15 to 2.26 in Section 2.9.

The uncertainties we compute for our interpolated velocity field reflect
both the uncertainty of velocity observations (i.e., data uncertainty) and the
expected variance of the velocity field between observation points. Figures 2.24
to 2.26 show that uncertainties of the interpolated velocity field are small in
regions with little variability in observed velocities, but increase substantially
with distance from observation points in regions where observed velocities vary
significantly in between observation points.

2.2.4 Estimation of the Hurdle Location

The hurdle constitutes the main discontinuity in velocity gradients separat-
ing the interseismically deforming margin from the stable interior. We use the
gridded interpolated velocity fields together with their uncertainty estimates to
estimate the hurdle location as function of distance from the trench. First, we
take trench-perpendicular profiles, which are equidistant at the trench, through
the 2D interpolated field, 277 in total for South America, 64 for Sunda, and
51 for Japan. Subsequently, we fit a piece-wise continuous function consist-
ing of two linear segments to the velocity as function of distance along the
profile. We use weighted non-linear least squares with a Trust Region algo-
rithm, using as weights the inverse of variances from the kriging. The junction
between the two segments, located in the fitting process, constitutes the hur-
dle. We propagate the velocity uncertainties to the uncertainties of the hurdle
location, approximated by linearization of the non-linear problem (cf. Sec-
tion 2.9.2). Figures 2.3 to 2.5 show maps of our estimated hurdle locations for
each of the subduction zones and selected trench-perpendicular profiles of in-
terpolated velocities with their uncertainties, nearby GNSS observations, and
hurdle locations.

2.2.5 Data Analysis Results

Both velocity components decrease steeply with distance from the trench up
to a hurdle, behind which a far-field region starts with low velocity ampli-
tudes and gradients Figures 2.3 to 2.5. The hurdle location can be constrained
best when both the velocity uncertainties are small and there exists a strong
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discontinuity between the near-field and far-field velocity gradient. Trench-
perpendicular velocities in particular show a steep near-trench decrease, ex-
cept above sections of the megathrust that are not locked over an extensive
trench-parallel distance. Such unlocked portions of the subduction interface
are characterized by low interseismic velocity magnitudes e.g., Matsu’ura and
Sato, 1989, e.g., in northern Peru (4-9°S) (Herman and Govers, 2020; Nocquet
et al., 2014) and Java (Koulali et al., 2017). Trench-parallel velocities show a
more complex behavior, particularly where the convergence obliquity changes
direction (inverting the sign of near-trench trench-parallel velocities) and fore-
arc slivers have been suggested to exist (Nocquet et al., 2014; Métois et al.,
2016; Herman and Govers, 2020). Nevertheless, trench-parallel velocities also
suggest a hurdle, beyond which amplitudes are near-zero and the slope is very
shallow.

In South America, we can identify the trench-perpendicular hurdle as the
location of the transition between rapid near-trench decay and the other, shal-
lower slope in the far-field. Along the margin, the hurdle location can generally
be estimated reliably, as observations constrain the decrease from large near-
trench to low plate interior velocities, within uncertainty bounds (Figure 2.3).
The hurdle is located at distances from the trench varying between 400 and
1000 km, except for the section of subduction zone with weakly coupled
megathrust in Northern Peru (4-9°S). The hurdle location generally largely
tracks the eastern margin of the Andean orogen (Figure 2.6a). Ouly landward
of the weakly locked megathrust of Northern Peru, the trench-perpendicular
gradient in the velocity component is low and the hurdle location is identified
at distances beyond 1000 km from the trench, although the uncertainty on the
location is very large and the nearest location within the confidence interval
still tracks the eastern boundary of the orogen. The hurdle lies a few tens of
km landward of the backthrust in south-central Peru (10-13°S). Further to the
south, in Bolivia (14-2°S), it follows the backthrust at the base of the moun-
tain range. In northernmost Argentina there is no clear, active backthrust, but
the hurdle traces the border of the Puna plateau. Immediately to the south,
around 30°S, the hurdle is located in the middle of the Sierras Pampeanas.

For South America, the hurdle for trench-parallel velocities is located be-
tween 220 and 800 km from the trench, excluding the weakly coupled megath-
rust section. It is always closer to the trench or coincident with the trench-
perpendicular hurdle within uncertainties. Velocities beyond the hurdle are
near, but not always exactly, zero: the trench-perpendicular component is be-
tween -1 and 4 mm - yr~! in amplitude, while the trench-parallel component
is between -1 and 2 mm - yr—!.

Observations of interseismic velocities in Sumatra are sparser than in South
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America. In the southeast of the island, both velocity components are small
and have low gradients, including the near-trench region (Figure 2.4). This
reflects low megathrust coupling in that region (Chlieh et al., 2008) and does
not allow us to locate any hurdle. In central Sumatra, where near-trench
velocities indicate strong interplate coupling and data coverage is much denser,
we infer a hurdle in the trench-perpendicular component, bounding the zone
of near-uniform low velocities in the interior of Sunda (Simons et al., 2007).
The hurdle runs through the middle of the island, roughly coinciding with the
southwestern edge of the Sibumasu terrane reported by Hutchison (2014) and
Metcalfe (2011) (Figure 2.6b), as well as with the northeastern boundary of
the zone of active orogenic deformation as indicated by Hall and Sevastjanova
(2012). Trench-parallel velocities do not show a uniform decrease with distance
from the trench, but rather are near-uniform on the Indian Ocean coast of
central Sumatra and in the smaller offshore islands, and have a steep gradient
over the Sumatran Fault (Prawirodirdjo et al., 2010; Genrich et al., 2000),
behind which the parallel velocities steeply decrease to zero. We thus do
not estimate the hurdle location for trench-parallel velocities in Sumatra. In
Java, both velocity components are low throughout, indicating low megathrust
coupling (Koulali et al., 2017), and the lack of observations to the northeast of
the island, in the Java Sea, prevents us from confidently identifying a hurdle.

Along the Japan trench, trench-perpendicular velocities decrease steeply
with distance from the trench, with a constant or gently decreasing slope,
in the vast majority of Hokkaido (trench locations north of 42°N) and most
of central-northern Honshu (south of 40°N). The resulting hurdle location is
450-600 km away from the trench (Figure 2.5). It broadly follows the eastern
margin of the Sea of Japan, a few tens of km offshore except for where it
touches the northernmost tip of Hokkaido (Figure 2.6¢). On the other side of
the Sea of Japan, observations in Manchuria and South Korea constrain the
velocity field at intermediate to far distances, helping locate the hurdle. The
trench-perpendicular and trench-parallel velocities in those sites are uniformly
negative (around 5 mm-yr—!, both trenchward and right-lateral, respectively),
indicating limited transpressional motion between Manchuria, inferred to be
part of the Amurian plate, and the Okhotsk plate reference (Weaver et al.,
2003; Petit and Fournier, 2005). Off the northwestern shore of south-central
Honshu (south of 40° latitude), observations in the intermediate- and far-field
are not available and the velocity field is interpolated relying on observations
far to the northwest and west, in Manchuria and South Korea. Nevertheless,
the existence of a hurdle a short distance offshore in the Sea of Japan is sup-
ported by the steep, near-linear decrease with distance of trench-perpendicular
velocities in Honshu and by the trench-perpendicular velocities on its north-
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western coast being similar to those at the northwestern tip of Hokkaido and
within less than 10 mm - yr~! of those in Manchuria. The Okhotsk-Amurian
plate boundary, inferred here to cross Honshu by Bird (2003), does not affect
the slope of trench-perpendicular velocities with distance from the trench. In
northernmost Honshu and the southwestern most tip of Hokkaido (for trench
locations between 40° and 42°N), both the trench-perpendicular velocities and
their trench-perpendicular gradients are lower, possibly reflecting lower inter-
plate coupling than in laterally adjacent portions of the megathrust (Suwa
et al., 2006; Hashimoto et al., 2009) or incomplete postseismic transient cor-
rections for the 1994 Sanriku earthquake (Loveless and Meade, 2010).

Trench-parallel velocities in northern Honshu are low, while the uncertain-
ties of available interseismic velocities are relatively high. This, combined with
the narrow width where observations are possible, makes it difficult to iden-
tify a hurdle in the trench-parallel component. Additionally, trench-parallel
velocities vary in sign across the study area. This clearly reflects in part small
changes in the strike of the trench which, combined with the overall head-on
character of the convergence, changes the sign of the trench-parallel component
of the velocity of the downgoing (Pacific) plate with respect to the overriding
(Okhotsk) one. Interpolated trench-parallel velocities seem to decrease to uni-
form values (—5-—6 mm - yr—!,) within ~ 600 km of the trench in northern
Hokkaido and within ~ 300-400 km in northern Honshu. However, precisely
locating the hurdle is difficult because GNSS observations are only available
onshore, in Japan and Manchuria, not in the Sea of Japan. Therefore, we do
not perform our parallel hurdle location estimation in northern Japan.

We also performed the data analysis for Japan expressing all velocities
with respect to the Amurian plate, rather than the Okhotsk plate, see Fig-
ure 2.27. This results in an increase of all trench-perpendicular velocities by
~ 6 mm - yr—!, making them positive everywhere and reaching very close to
0 in Manchuria. However, the estimated trench-perpendicular hurdle loca-
tion remains unchanged. Trench-parallel velocities increase uniformly also, by
5 mm - yr—!. They thus become largely positive (dextral), except for a few
isolated areas. Therefore, even though Manchuria is arguably on a different
plate than Hokkaido and northern Honshu and it moves with respect to a sta-
ble Okhotsk reference, it seemingly behaves as the stable plate interior of the
Japan Trench subduction zone. The estimated hurdle location is indifferent to
whether the Okhotsk or Amurian plate is used as a reference.
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2.2.6 Discussion and Conclusions of the Data Analysis

Trench-perpendicular velocities decrease with distance from the trench in a
semi-linear fashion to low values, and both the velocities and the velocity
gradient are distinctly lower beyond that. We refer to the region where the ve-
locity gradient changes as a hurdle. The existence and location of the hurdle is
supported by the fact that 1) the near-trench trend in velocities is derived from
abundant observations, and that 2) observed velocities close to the hurdle are
small and similar in value to observations much farther from the plate margin.
The inferred hurdle differs therefore from the potentially detrimental effect
that uneven spatial distribution of GNSS stations can have on interpolated
strain rates and gradients in that it may result in spurious high-strain areas
(e.g. Hackl et al., 2009). Our interpolation procedure is designed to give ro-
bust estimates of velocities including uncertainties that arise from both uneven
spatial sampling and data uncertainties, and we propagate these uncertainties
into our hurdle estimates.

The hurdle for trench-perpendicular velocities is located within 1000 km
or less of the trench along the three studied subduction zones. Trench-parallel
velocities sometimes have complex patterns, partly due to curvature of the
margin. In South America, parallel velocities also decrease semi-linearly with
distance from the trench up to a hurdle that roughly coincides with the trench-
perpendicular hurdle, or that is located closer to the trench. Hurdle locations
broadly, but not precisely, follow the inland boundary of the orogen wherever
such boundary is clearly expressed.

That the trend of trench-perpendicular velocities as function of distance
deviates from a smooth decrease was first noted by Norabuena et al. (1998)
for the northern portion of the Central Andes (the Altiplano of Peru and Bo-
livia) and Brooks et al. (2003) for the Southern Andes. The authors focus on
the locally steep velocity gradient at the eastern edge of the Andes and explain
the observations by active back-arc convergence or sliver motion, which has
remained a popular explanation (Bevis et al., 2001; Brooks et al., 2003; Brooks
et al., 2011; Kendrick et al., 2006; Métois et al., 2013; Weiss et al., 2016; Mc-
Farland et al., 2017; Herman and Govers, 2020; Shi et al., 2020). This expla-
nation implies that interseismic strain accumulation involves non-recoverable
strain on active backthrust faults or shear zones. The fold-and-thrust belt at
the eastern margin of the Altiplano-Puna plateau, at roughly 11-22°S lati-
tude, is bounded by a well-defined thrust front and is indeed considered to be
actively deforming, despite little recent seismic activity (Brooks et al., 2011;
Wimpenny et al., 2018). Farther north in Peru (4-11°S) and farther south in
Argentina (around 31°S), earthquakes indicate that permanent strain occurs
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by thrusting in the eastern foreland of the Andes (Jordan et al., 1983; Sébrier
et al., 1988; Alvarado and Ramos, 2011; Rivas et al., 2019). However, ac-
tive and continuous backthrusts faults appear to be absent in some locations,
specifically at 22-29°S and south of 32°S latitude in South America, through-
out Sumatra and Java, and south of 39°N and north of 45°N off the west coast
of Japan. Elsewhere, in the Sea of Japan, the inferred active faults marking
the Okhotsk-Amur plate boundary do not coincide with the location of the
hurdle (Figures 2.3 to 2.6).

Even where active backthrusts have been observed, their role in explain-
ing the spatial distribution of surface velocities may have been overestimated
because of unrealistic model assumptions. Most studies that model the effect
of back-arc convergence on interseismic velocities assume a fully elastic Earth
during the entire earthquake cycle. This is a particularly unrealistic assump-
tion during the late interseismic period, when the mantle wedge is effectively
fluid, and it strongly underestimates far-field horizontal velocities and there-
fore may lead to incorrect interpretations of the observations (Trubienko et al.,
2013; Li et al., 2015). Shi et al. (2020) do use a more realistic viscoelastic rhe-
ology to arrive at the conclusion that the backthrust is the cause of velocity
distribution. However, they assume a hard backstop on their model overriding
plate at a distance only ~ 150 km from the back-arc thrust front. The decrease
in trench-perpendicular velocities with distance from the trench is less linear
than observed in their model, while the backthrust included in their model
produces only local velocity offsets at the backthrust. Other modeling studies
invoking back-arc convergence require basal detachment faults extending in
the trench-normal direction for ~ 200 km or more (Brooks et al., 2011; Weiss
et al., 2016; McFarland et al., 2017). This may be unrealistic, considering
that the E-W extent of the currently active central Andean back-arc fold-and-
thrust belt is only ~ 70 km wide (Pearson et al., 2013). Other authors treat
the contact between the Andean orogen and the South American interior as a
plate boundary, implying that it cuts through the entire lithosphere, slipping
freely at depth, and that it is laterally continuous all along the orogen. Be-
cause of the extreme spatial extent and continuity of the modeled thrusts or
plate boundaries, these studies probably overestimate the geodetic imprint of
the localized shortening at the eastern edge of the Andes. Additionally, seen
at the continental scale, the sharp, localized velocity decrease that has been
used as evidence for backthrust slip (Norabuena et al., 1998; Brooks et al.,
2011; Weiss et al., 2016; Shi et al., 2020), constitutes a relatively minor devia-
tion from a general trend of steep but gradual decrease over the whole orogen
(Figure 2.3, profiles B and C). Furthermore, the aforementioned studies in-
vestigating the spatial distribution of interseismic velocities do not consider
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whether significant far-field coseismic displacements can be explained by their
models. Within the framework of the earthquake cycle, we think there should
be consistency in terms of coseismic slip and slip deficit accumulation, response
of fault slip and creep to the stress evolution during the cycle, and boundary
conditions.

Active faults are the possible cause of hurdle behavior in some regions.
North of ~ 2°S in South America, in southern Ecuador and Colombia, con-
vergence is highly oblique and subparallel to a system of strike-slip and thrust
faults (Veloza et al., 2012) that roughly coincides with the location of the hur-
dle in both velocity components. Localization of interseismic velocities might
be chiefly caused by the fault system, consistently with the interpretation of
this fault system as bounding a distinct, internally deforming North Andean
sliver (e.g., Alvarado et al., 2016; Kellogg et al., 1995; Nocquet et al., 2014;
White et al., 2003). In Sumatra, trench-parallel velocities seem to be governed
by the active strike-slip Sumatra Fault (Prawirodirdjo et al., 2010; Genrich et
al., 2000). Trench-parallel velocities also suggest localized strike-slip motion
between southern Hokkaido (on the Okhotsk plate per Bird, 2003) and north-
ern Manchuria (on the Amurian plate), but the lack of GNSS observations
in the Sea of Japan precludes a specific localization of the boundary from a
purely geodetic perspective.

Trench-perpendicular velocities in all three study areas show a consistent
steep decrease with distance from the trench. Trench-parallel velocities in
South America, away from the North Andean sliver, show a similar trend. This
suggests a more universal cause of the observed hurdles than fault zones. We
find no correlation between shallow megathrust dip and hurdle location, since
the dip changes very little along the studied trenches (Figure 2.6). We therefore
focus on a possible explanation involving the overriding plate. Although the
thrust faults in the Andean back-arc are unlikely to directly account for the
decrease in observed velocities as we move away from the trench, they are
likely associated with a mechanical contrast between the deformed and partly
accreted Andean region and the interior of the South America plate. We thus
hypothesize that such a contrast exists in this and other subduction zones,
that it is responsible for the behavior of interseismic velocities, and that a
uniform overriding plate cannot account for observations.

The effective elastic thickness T, derived from flexure observations is much
lower at the margin than in the interior of South America (Pérez-Gussinyé
et al., 2007; Pérez-Gussinyé et al., 2008; Stewart and Watts, 1997). Variations
in effective elastic thickness may derive from variations in thickness, composi-
tion, temperature, rheology, and on the age of the load (Burov and Diament,
1995; Watts, 1981). The effective elastic thickness is derived from lithospheric
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flexure on geological time scales and is not directly applicable to the predom-
inantly horizontal plate loading over interseismic timescales. It is very likely
however that a relevant mechanical contrast exists. The load-bearing capacity
of the low-viscosity mantle wedge is negligible on (interseismic) time scales,
meaning that the contrast is most likely related to properties of the overrid-
ing plate. The bulk of the interseismic shortening of the overriding plate is
recovered during megathrust earthquakes, so it can be considered largely elas-
tic. A mechanical contrast that is relevant in the context of earthquake cycles
is thus a compliance contrast or thickness contrast. Below we present me-
chanical models aimed at exploring our hypothesis that (interseismic) hurdles
are a consequence of such contrast, whilst also showing significant coseismic
displacements beyond the hurdle.

The presence of stiff cratonic lithosphere in the interior of the South Amer-
ican plate in central Argentina was proposed as the explanation for the rela-
tively low horizontal postseismic velocities in the region (compared to model
results without such a craton) by Klein et al. (2016). Itoh et al. (2019) instead
showed that a compliant arc and back-arc region can explain the high gradient
of onshore horizontal interseismic velocities with distance from the trench in
Hokkaido. We hypothesize that a mechanical contrast between more compli-
ant lithosphere at the convergent margin of the overriding plate (in the arc and
back-arc region) and less compliant lithosphere of the interior of the plate can
explain the observed near-trench localization of high spatial gradients of hori-
zontal surface velocities. We thus propose that such a contrast, while avoiding
artificially fixed model edges in the vicinity of the trench, can produce a hurdle
in interseismic velocities and surface motion generally consistent with obser-
vations throughout the seismic cycle, even though we specifically focus here
on interseismic observations.

2.3 Numerical Model

2.3.1 General Concept

To study the interseismic and coseismic surface deformation field we develop
a three-dimensional (3D) mechanical model. We seek to explain observation
trends at different margins, i.e., the semi-linear decrease of interseismic veloc-
ities from the trench to the hurdle, the low interseismic strain accumulation
beyond it, but significant far-field coseismic displacements due to a megath-
rust earthquake. We test whether these trends may be a consequence of a
compliancy contrast in the overriding plate. In the context of our model, we
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use a contrast in Young’s modulus F and shear modulus G, with the same
ratio between the two moduli, in an overriding plate with a uniform thickness
and Poisson’s ratio v. Rather than representing realistic averages of the elas-
tic properties of the lithosphere, the model Young’s modulus values proxy for
a more general ability of the plate to resist intraplate stresses resulting from
the total thickness, composition, and thermal state of the real lithosphere.
The modeled contrast in the elastic properties of the overriding plate consists
of a relatively low Young’s modulus in the “near-trench” region and a higher
modulus in the far-field. The assumed geometry of the slab and overriding
plate in the model is not specific for any margin and instead follows a realistic
trench-perpendicular slab profile (Figure 2.7). We consequently do not expect
to reproduce specific regional observations with the model.

Model deformation is driven by slab motion and periodic unlocking of as-
perities. The slab itself is kinematically driven, as updip and downdip end
of the slab are driven at the interplate convergence rate. Coseismic slip and
afterslip are not imposed kinematically and are instead physically determined,
together with viscous relaxation, by the asperity size and location and by the
mechanical properties of the material in the model. Govers et al. (2018) show
that coseismic slip increases per earthquake cycle until no variation occurs from
one cycle to the next and physically consistent prestresses have developed.

2.3.2 Model Domain and Rheology

We have chosen the model domain size so that boundaries and boundary condi-
tions do not affect the results in our region of interest; the trench-perpendicular
() model extent is 2200 km, 2000 km in the trench-parallel direction (y) di-
rection, and 338 km in the depth (z) direction. The trench is located at x = 0,
while the oceanward model boundary is located at x = —212 km. The surface
downgoing plate has its upper surface at a depth of 8 km, and the overriding
plate at z=0. The subducting plate has a thickness of 80 km, consistent with
the seismologically detected depth of the lithosphere-asthenosphere boundary
of various oceanic plates (Kawakatsu et al., 2009; Kumar and Kawakatsu,
2011). The overriding plate has a uniform 40 km thickness, except at the ta-
per due to the megathrust geometry at the bottom and at the slope down to
the trench over 18 km horizontal distance.

The model slab and the overriding plate are elastic, and the mantle wedge
and sub-slab asthenosphere are viscoelastic with a Maxwell rheology. We
model seismic cycles with quasi-dynamic slip on discrete faults and shear zones
(see Section 2.3.4 and Govers et al., 2018, Section 2). After model spin-up,
the model has identical megathrust earthquake cycles with a return period of
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300 years. Postseismic relaxation in the model involves the two most relevant
large-scale processes, afterslip and viscous relaxation (Biirgmann and Dresen,
2008; Diao et al., 2014; Broerse et al., 2015; Klein et al., 2016). Our refer-
ence model has a mantle viscosity n of 10!° Pa -s. Throughout the model
domain, outside of the overriding plate, the elastic moduli are uniform: Pois-
son’s ratio v is 0.25 and Young’s modulus E is 100 GPa, consistently with
values from PREM (Dziewonski and Anderson, 1981) in the 0-40 km depth
range. In particular, the v value of 0.25 consists of the common Poisson solid
assumption (e.g., Melosh and Raefsky, 1983) and is very consistent with the
values determined for lower crustal and mantle lithologies, while being at the
lower end of the realistic range for the upper crust. The return period thus
is ~ 37.9 characteristic relaxation (Maxwell) times long, so that about 55% of
the model cycle period is interseismic, given that the earthquakes on the dif-
ferent asperities within one cycle occur within 40 years of each other (Govers
et al., 2018).

2.3.3 Numerical Method

We use a finite element method to solve the time-dependent 3D mechanical
equilibrium equations for given material properties and boundary conditions
including a free surface, as detailed below. Finite element platform GTEC-
TON version 2021.0 uses the Portable, Extensible, Toolkit for Scientific Com-
putation (PETSc version 3.10.4; Balay et al., 1997; Balay et al., 2021b; Balay
et al., 2021a) and OpenMPI (version 3.0.0; Gabriel et al., 2004) to solve the
time-dependent mechanical problem in parallel (e.g., Govers and Wortel, 2005;
Govers et al., 2018).

Each model includes 384,566 nodes arranged in 2,238,109 tetrahedral ele-
ments and 1,284,193 total degrees of freedom. These choices are based on pilot
models to find a mesh where surface deformation is insensitive to further grid
refinement. A posteriori estimates of the model error (Verfiirth, 1994) for the
selected mesh are small enough to support our conclusion that our results are
accurate within a few %.

2.3.4 Modeling the Megathrust

Dynamic differential slip on the megathrust is modeled using the slippery
nodes technique (Melosh and Williams, 1989). Five asperities on the otherwise
freely-slipping megathrust are fully coupled (locked) during all stages of the
earthquake cycle, except during the coseismic phase when unlocked asperities
can slip freely. Treating the megathrust away from the asperities as freely
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sliding is consistent with observations of megathrust regions immediately up-
and downdip of the asperities sliding stably and with low friction (Scholz, 1998;
TIkari et al., 2011; Hardebeck, 2015).

The asperities are circular in map view and have a diameter of 50 km,
consistent with the inversion results of Herman and Govers (2020). They
are centered at a horizontal distance of 120 km from the trench and 100 km
from each other, resulting in accumulation of slip deficit (locking and pseudo-
locking) on and around the asperities, over an along-trench distance of 500
km (Herman et al., 2018). At the start of each new 300-year cycle, the middle
asperity first has its coseismic phase. After a delay of 20 years, the intermediate
asperities have their coseismic phase. After 20 more years, the outer asperities
have the coseismic phase. Each asperity has its coseismic phase every 300
years. Every coseismic phase is instantaneous and consists of the relevant
asperities being unlocked, the megathrust slipping freely, and the asperities
being relocked, all with no model time elapsing. All slip deficit accumulated
on the megathrust interseismically due to each asperity is released during its
coseismic phase. The distribution of coseismic slip is thus determined by the
asperities and by the mechanical properties of the plates and asthenospheric
mantle. Coseismic slip can occur at depths shallower than 40 km, as that is
the maximum depth of the overriding plate and thus of the megathrust.

Coseismic slip, although traditionally thought to not extend to very shallow
depth because of unconsolidated material in the hanging-wall (Kanamori, 1972;
Moore and Saffer, 2001), can indeed propagate up to the trench (Fujiwara et
al., 2011; Sladen and Trevisan, 2018). We minorly restrict coseismic slip on
the updip portion of the megathrust, above 15 km depth, by applying (small)
shear tractions that are proportional to the coseismic fault slip amplitude, with
a spring constant of 200 Pa - m~!.

Downdip of the megathrust, the contact between the subducting plate and
the mantle wedge (depths > 40 km in our models) is often viewed as a vis-
coelastic shear zone (van Keken et al., 2002; Tichelaar and Ruff, 1993). In
our model, we represent it as a discrete interface that slips freely interseismi-
cally and is fully locked coseismically. Additionally, immediately after each
coseismic phase, we include an instantaneous afterslip phase, during which
the shear zone, together with the megathrust outside of the asperities, slips
freely until mechanical equilibrium is reached. The shear zone thus resolves
coseismic stress changes as much as possible via afterslip and creeps interseis-
mically, but behaves as part of the mechanical continuum responding elastic
to coseismic slip on the megathrust. This implementation has the significant
benefit of avoiding the computationally demanding simulation of viscous flow
in a narrow channel, while capturing the main features of interseismic and
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coseismic behavior and while producing afterslip with no need to impose it
kinematically. Govers et al. (2018) used a similar approach, and they defined
“primary afterslip” as immediate viscous slip on the shear zone in response to
coseismic stress changes that is generally thought to occur much more quickly
than bulk viscous relaxation in the mantle wedge (Govers et al., 2018; Muto
et al., 2019). “Secondary” afterslip also occurs on the deep shear zone, over
time, in response to bulk viscous relaxation during the postseismic phase.

Afterslip on the deep shear zone is commonly assumed to occur at depths
shallower than about 80-100 km (Diao et al., 2014; Sun et al., 2014; Yamagiwa
et al., 2015; Hu et al., 2016b; Freed et al., 2017). Klein et al. (2016) showed
that allowing relative motion between the mantle wedge and the slab, by in-
troducing a narrow low-viscosity zone between 70 and 135 km depth along
the top of the slab, produces little change in postseismic horizontal surface
motion. In our model, we therefore allow afterslip, and interseismic slip deficit
accumulation, on the shear zone downdip of the megathrust only at depths
smaller than 100 km.

We aim to capture deformation and flow of the mantle wedge and astheno-
sphere in response to stress changes during the earthquake cycle. To exclude
modeling steady-state mantle flow on geological time scales that is irrelevant
for the seismic cycle, we use the finite element split node technique (Melosh
and Raefsky, 1981) to impose the slab velocity beyond a depth of 100 km. Sim-
ilarly, we avoid driving long term sub-slab asthenosphere by applying the slab
velocity along the base of the slab. We remove a small residue of long-term de-
formation of the model related to stretching and unbending of the slab that we
identify from an identical model without asperities or earthquakes. This ap-
proach facilitates loading of the mantle wedge and sub-slab asthenosphere by
non-steady velocity/stress perturbations during all stages of the earthquake
cycle, without neglecting the role of the viscoelastic rheology of either the
oceanic or the continental mantle.

2.4 Modeling Results and Analysis

2.4.1 Reference Model

In our reference model, the overriding plate has a Young’s modulus of 50 GPa
within 700 km horizontal distance from the trench and of 250 GPa beyond.
Figure 2.8 shows the resulting surface deformation. Figure 2.8a,c show in-
terseismic velocities 260 years after the last earthquake on any asperity, i.e.,
after ~ 33 Maxwell times and immediately before the next 40-year earthquake
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sequence on the five asperities. Both the trench-perpendicular and trench-
parallel velocity components decrease with distance from the locked asperi-
ties. The transect through the central asperity in fig. 2.8¢ (solid line) shows a
roughly linear decrease in the trench-perpendicular velocity with distance from
the trench, from the peak value (above the asperity) to the location of the con-
trast, where the gradient decreases sharply. Here, the trench-perpendicular
velocity is ~ 10% of the interplate convergence rate and ~ 8% of the peak
value. Beyond the contrast, the trench-perpendicular velocity in the far-field
decreases gradually to zero at the far end of the model, which is a consequence
of the model boundary condition there. Trench-parallel velocities along this
transect instead decay with a progressively shallower slope away from the peak
(Figure 2.8¢c). They reach a near-zero value at the compliance contrast and
reach ~ 10% of the peak value ~ 200 km closer to the trench. The steeper
decrease in the trench-parallel component causes velocity directions in the
locked portion of the subduction zone to rotate from convergence-parallel to
trench-perpendicular with distance from the trench (Figure 2.8a). The results
thus show slow and mostly trench-perpendicular interseismic strain accumula-
tion beyond the contrast. The mechanical contrast thus results in hurdle-type
behavior comparable to what we infer from the GNSS data. The hurdle is
expressed in both horizontal velocity components, albeit more clearly in the
trench-perpendicular velocities.

Interseismic velocities 500 km to the north of the middle of the model (Fig-
ure 2.8a,c) are substantially slower than above the central asperity. They are
higher than velocities 500 km to the south of the central asperity, showing
that oblique convergence results in a distinctly asymmetric pattern of inter-
seismic strain accumulation. Particularly the trench-parallel velocity differs.
Trench-parallel velocities along the northern transect in Figure 2.8a,c increase
with distance from the trench before decreasing again. Figure 2.8a shows
that, in a trench-perpendicular profile 500 km the south of the middle of
the model, trench-parallel velocities decrease with distance from the trench.
Trench-perpendicular velocities on both lateral sides decrease with distance
from the trench. The imprint of the contrast on the (gradient of the) veloci-
ties is less pronounced away from locked asperities than in the central region.

Unlocking of the central model asperity results in coseismic slip on the
megathrust. The coseismic slip on the megathrust corresponds to a moment
magnitude My, = 8.7, computed using the average elastic shear modulus of
the overriding and subducting plates. Figure 2.8b shows coseismic horizontal
surface displacements in the overriding plate. The displacement magnitude
is highest (~ 11 m) and obliquely ocean directed above the ruptured asper-
ity. Figure 2.8d shows a steep decrease of trench-perpendicular displacement
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with distance from the trench, and a change in the gradient at the mechani-
cal contrast. Trench-parallel displacements are less affected by the contrast.
However, both components are significantly non-zero beyond the compliance
contrast.

2.4.2 Lateral Compliance Contrast Versus a Homogeneous
Plate

We compare the results of our reference model with results from two other
models, both with an overriding plate with a uniform Young’s modulus, and
all else the same as in the reference model (Figure 2.8c). We find that a uni-
form value of 10 GPa produces a steep decrease in both interseismic velocity
components, i.e., it concentrates interseismic strain closer to the trench. How-
ever, it lacks significant trench-perpendicular coseismic displacement in the
far-field, with amplitudes below 10 mm at distances from the trench greater
than 800 km, unlike our reference model. Furthermore, 10 GPa is a very
low value for the Young’s modulus of the whole lithosphere in the far-field as
well as near-field. Conversely, a uniform, realistic value of 100 GPa for the
overriding plate produces large far-field coseismic displacement. However, its
trench-perpendicular interseismic velocities decrease slowly and have signifi-
cant amplitudes (more than a third of the peak value) at the location of the
contrast in the reference model (700 km from the trench).

We conclude that a uniform overriding plate cannot simultaneously explain
the observed interseismic hurdle and far-field coseismic displacements. A com-
pliance contrast in the overriding plate does explain an interseismic hurdle and
far-field coseismic displacements.

2.4.3 Radial Elasticity Variations

Pollitz2011b; Pollitz et al. (2011) concluded that radial elasticity layering is
needed for fitting both the near- and far-field coseismic static GNSS displace-
ments following the Maule and Tohoku earthquakes. We evaluate to what
extent a radial elasticity variation affects the model results. We use elastic
moduli varying with depth according to PREM (Pollitz2011b; Dziewonski
and Anderson, 1981; Pollitz et al., 2011). The modeled interseismic surface
velocities differ little from a model with uniform Young’s modulus E=100 GPa
(Figure 2.29), being less than 5% higher or lower and near-indistinguishable
beyond 300 km of distance from the trench. We conclude that the hurdle-type
response of interseismic velocities cannot be explained by the radial elasticity
layering only. In the context of our numerical models a lateral contrast is thus
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needed in the overriding plate to reproduce the hurdle-like observations. In
Sections 2.5.2 and 2.5.3 we address the tectonic and rheological viability of a
mechanical contrast in overriding plates.

2.4.4 Importance of Near-Trench Elasticity and of Its
Contrast With Far-Field Elasticity

The reference model uses a Young’s modulus £ = 50 GPa in the near-trench
and F = 250 GPa in the far-field of the overriding plate. The latter value
is beyond the upper limit of ~ 200 GPa for lithospheric rocks (specifically
eclogite; Aoki and Takahashi, 2004; Christensen, 1996). Here we explore the
sensitivity of our model results to elastic properties.

We systematically vary the Young’s modulus in both the near-trench and
the far-field portion of the overriding plate. Figure 2.9a,b shows trench-
perpendicular profiles of interseismic velocities through the central asperity
for models where the Young’s modulus is higher in the far-field than near the
trench by a factor of 3 (red) and 5 (purple), with different average values (less
continuous line strokes for lower values). We also vary the Young’s modulus of
the far-field while keeping the near-trench value the same (Figure 2.9¢,d), the
latter with a value of 50 GPa (purple), 30 GPa (dark red), or 20 GPa (orange)
with less continuous line strokes for lower far-field values. In Fig 9e,f we do
the opposite, showing the effect of different values of Young’s modulus in the
near field (less continuous strokes for lower values) while keeping a far-field
value of 150 GPa (dark red) or 100 GPa (orange).

Looking at the trench-perpendicular velocities (Figure 2.9a,c,e), the results
show that a larger contrast in E result in lower velocity amplitudes trench-
ward of the contrasts and steeper slopes in velocity, particularly between 200
and 300 km of distance from the trench, and in shallower slopes beyond the
contrast (Fig, 9a). Lowering both values of E accordingly, while keeping the
amplitude of the contrast unaltered, has a similar effect (Figure 2.9a, different
line strokes with the same color). The effect of increasing the far-field value
of F while keeping the near-trench value constant (Figure 2.9¢) is generally
smaller than doing the opposite (Figure 2.9e), but it is still noticeable when
the near-trench F is high (Figure 2.9¢, purple lines). With lower near-trench
E values, increasing the far-field E is hardly noticeable (Figure 2.9¢, dark red
lines and orange lines). There is no sharp cutoff beyond which hurdle behavior
is exhibited, and a break in the slope of the profile is always present at the
location of the contrast, if any. We take the trench-perpendicular hurdle to
be a good indicator of the location of a compliance contrast in the overriding
plate.
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The amplitude (i.e., ratio) of the contrast in Young’s modulus on trench-
parallel velocities (Fig, 9b) is variable. This is because the far-field Young’s
modulus by itself has very little effect on the profiles of trench-parallel velocities
(Figure 2.9d). The near-trench Young’s modulus alone controls the decrease in
trench-parallel interseismic velocities with distance from the trench, with lower
values causing a steeper decrease on the landward side of the peak velocity
(Figure 2.9f). We observe however that all curves (including the uniform F
model) decrease to low velocities at the contrast, i.e., hurdle behavior of trench-
parallel interseismic velocities is not a very strong indicator for a compliance
contrast.

Figure 2.10 shows profiles of trench-perpendicular coseismic displacement
(corresponding to an earthquake with My, = 8.7) of the same models as in
Figure 2.9. The amplitude of the far-field displacement is controlled by the
Young’s modulus in the near-trench, more compliant portion of the plate, re-
gardless of the contrast with the higher Young’s modulus in the less compliant
internal portion. Pollitz et al. (2011) observed trench-perpendicular coseis-
mic displacements after the My, = 8.8 Maule earthquake up to a few tens of
millimeters beyond 700 km from the trench. A near-trench Young’s modulus
FE > 20 GPa is needed for a coseismic displacement greater than 20 mm 700 km
from the trench (where the contrast is located in the reference model), while a
modulus of 50 GPa is needed for a displacement of 20 mm 1000 km from the
trench. This need for a moderate F in the near-trench region, combined with
the need for a sufficient E contrast to reproduce the hurdle behavior in trench-
perpendicular interseismic velocities, requires the use of a very high far-field
E in the overriding plate of the reference model (Section 2.4.1) to produce
realistic behavior both interseismically and coseismically. If the far-field F is
only moderately high (~ 100 GPa or less, for instance), the contrast between
far-field and relatively near-trench E is probably insufficient to explain hur-
dle behavior, given that coseismic displacement requires near-trench E to be
moderate. In this case, the compliance contrast within the overriding plate,
responsible for the hurdle, should be greater than implied by the elastic moduli
of the constituent materials alone. In Section 5.3 we discuss the rheological
implications of the model sensitivities presented here.

2.4.5 Shear Modulus Contrast in the Overriding Plate

We thus far focused on contrasts in Young’s modulus E, which is the resistance
to interseismic (elastic) shortening of the overriding plate in response to the
head-on component of the convergence velocity. The resistance to (elastic)
shear deformation due to the trench-parallel component of the convergence
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velocity is better represented by the shear modulus G = ﬁ

All presented models used a uniform Poisson’s ratio v = 0.25, meaning
that the contrasts in Young’s modulus E and shear modulus G are the same.
We now test whether varying the contrast in G while keeping the contrast in
E constant, affects trench-perpendicular and -parallel velocities. The near-
field and far-field values of E are 30 and 150 GPa, respectively, while v is 0.2.
We decrease the near-field G by 14% through a drastic increase (doubling) in
Poisson’s ratio, to 0.4, which results in a slight change in the trench-parallel
velocity, but does not alter the trench-perpendicular velocity (Figure 2.30).
Different contrasts in F and G are thus unlikely to affect the apparent hurdle
location, particularly as determined in the trench-perpendicular component of
velocities, justifying our use of the same contrast in both moduli.

2.4.6 Role of the Location of the Mechanical Contrast

We investigate the sensitivity of the models to the location of the contrast
in E by stepwise reducing its distance from the trench to 400 km in 100 km
intervals. We do so in a model with a contrast that produces the largest
differences in interseismic velocities compared to a uniform E (10 and 100
GPa; Figure 2.9). Bringing the contrast closer to the trench most noticeably
affects trench-perpendicular velocity profiles (Figure 2.11a). Increasing the
contrast distance produces less uniform decay of such velocities on the trench-
ward side of the contrast, as the slope becomes shallower before reaching the
contrast. Instead, when the contrast distance is increased, the velocities at the
contrast become lower while beyond the contrast, the slopes become flatter.
Trench-parallel velocities are much less affected by the location of the con-
trast (Figure 2.11b), as the near-trench value of E controls the general shape
of the decrease. The presence of a single contrast in E can thus produce a
varying distance between the apparent location of the hurdle (a sharp tran-
sition between a steep decay and near-0 amplitudes) in the two components
of horizontal interseismic velocities, depending on the near-trench value of F
and its spatial extent. Overall, the two horizontal velocity components not
only have different spatial distribution with the same contrast, but also re-
spond differently to variations in distance to the contrast or in the value of F
on either side of the contrast. This behavior is compatible with our observa-
tions showing that the apparent location of the trench-parallel hurdle relative
to the trench-perpendicular one varies along a subduction zone and between
subduction zones, rather than coinciding with it or being offset by a constant
distance.

Interseismic locking results in steadily increasing shear tractions on asperi-
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ties. The slope of the velocity curves in Figure 2.11 represents horizontal strain
accumulation rates in the overriding plate. In the region within 200 km from
the trench, strain accumulation rates show to be insensitive to the distance of
the contrast, and shear tractions on asperities are consequently expected to
be insensitive to the width of the zone where strain accumulates. Figure 2.29
shows indeed that the average traction on the middle asperity in the downdip
direction increases little with decreasing trench-contrast distance; for instance,
the traction becomes only ~ 3% larger when the distance to the contrast re-
duces from 700 to 500 km. The temporal rate of change of this traction at the
end of the cycle in the late interseismic phase is linear and thus increases by
the same, small amount. Overall, the presence and location of the mechanical
contrast in the overriding plate has little effect on stressing rates on locked
asperities.

2.4.7 Megathrust Locking Pattern Affects the Detectabil-
ity of Hurdles and Contrasts

To assess the effect of a contrast on interseismic velocities in areas of low in-
terplate locking, such as northern Peru and Ecuador (Herman and Govers,
2020; Nocquet et al., 2017), we run two simulations in which the two inter-
mediate asperities are removed, leaving 3 total asperities (2 lateral asperities
centered 200 km from the center of the middle one). We cut a profile halfway
between the middle and outer asperities (at y= 100 km) (Figure 2.12). The
profile through the former asperity (with 3 remaining asperities in the model)
has lower trench-perpendicular velocities than the same profile through the
asperity (model with 5 asperities), with a shallower slope of decrease in the
near-trench portion of the overriding plate, but still with a clear hurdle in the
form of a break in the slope at the location of the contrast in E (Figure 2.12a).
Trench-parallel velocities have a similar behavior, except that velocities beyond
the contrast are approximately identical.

2.4.8 Lateral Thickness Variation and Sharpness of the
Mechanical Contrast

In our models, a contrast in elastic moduli in an overriding plate of uniform
thickness is a proxy for a general contrast in the plate’s elastic compliance.
We test the addition of a step increase in overriding plate thickness, dou-
bling in thickness from 40 km at = < 700 km to 80 km at x > 700 km, to
our reference model and to the model with a uniform F of 100 GPa. The
trench-perpendicular interseismic velocity decreases ~ 30% at the contrast
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while leaving the peak value unaffected, thus making its decrease with dis-
tance from the trench slightly steeper on the oceanward side of the contrast
and more gradual on the beyond the contrast (Figure 2.13). Trench-parallel
velocities are unaffected by the thickness contrast. Heterogeneity in overrid-
ing plate thickness, and particularly a thinner arc region, likely contributes
to the observed behavior of interseismic surface velocities, but is not solely
responsible for hurdle characteristics.

2.4.9 Effect of the Ratio of the Earthquake Recurrence
Interval to the Maxwell Time

The ratio % of the earthquake recurrence interval T to the characteristic
Maxwell relaxation time 7 = % is an important property of the megathrust
system. In fact, it determines to what extent coseismic stresses have relaxed
late in the cycle, and thus to what extent late interseismic motion reflects
steady-state loading of the plate due to continued convergence and locking
(Savage, 1983). Higher % ratios reduce the slope of trench-perpendicular ve-
locities with distance from the fault trace in a simple 2D dip-slip fault cutting
across an elastic lithosphere overlying a Maxwell viscoelastic mantle (Wang
et al., 2021). Our models so far use a % ratio of 37.9, intermediate for the
range of possible ratios observed for subduction zones worldwide and repre-
senting a case in which the stress changes due to coseismic slip and afterslip
have relaxed late in the cycle (Govers et al., 2018).

We now explore the effect of reducing the % ratio of our model with uni-
form elastic moduli throughout (v = 0.25, E = 100 GPa in the overriding
plate and elsewhere), while keeping the convergence rate and earthquake size
constant. Figure 2.14 shows the interseismic velocity profiles for the model
with the reference model viscosity of 10'” Pa - s (black line, same model and
curves as in Figures 2.8, 2.9 and 2.13), and for alternative models with higher
viscosities (i.e., longer relaxation times and smaller %) of the viscoelastic man-
tle. The resulting interseismic model velocities decrease more steeply with
distance from the trench with decreasing % The effect is particularly signif-
icant for the trench-perpendicular component. When the % ratio is halved
to 18.9, the effect is limited and the trench-perpendicular velocities still de-
crease shallowly with distance. However, further reducing % makes the slope
at intermediate-field distances even steeper, and particularly % < 10 makes
the velocity 700 km away from the trench equal to or lower than 25% of the
peak value. This indicates that, for a sufficiently long Maxwell time relative to
the earthquake recurrence interval, the hurdle behavior exhibited by observed
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trench-perpendicular velocities may be explained without invoking a contrast
in the compliance of the overriding plate. We further discuss the viability and
implications of such explanation in Section 2.5.2.

2.5 Discussion and Implications

2.5.1 Scope and Limitations of Our Study

We reevaluate published interseismic GNSS velocity observations along three
subduction margins: the Peru-Chile Trench (South America), the Sunda Trench
(Sumatra, Java), and the Japan Trench (Hokkaido and northern Honshu). In
South America, our analysis, not hampered by marine basins, yields the most
continuous sampling of the kinematics in the overriding plate. The analysis
will need to be extended to other convergent margins before we can conclude
that hurdles, breaks in the interseismic velocity gradient, are global features
of megathrust margins. Still, with three out of the three margins showing
hurdles, we think that we have a basis to hypothesize a more common feature
that mechanically separates the deforming margin from a semi-stable overrid-
ing plate interior.

Our mechanical models are generic in their geometry, earthquake cycle,
and mechanical properties. Further work will be needed to model the specific
contribution of regional rheological makeup and active deformation structures
to interseismic velocities. It might also be important to include radial elasticity
variations and the sphericity of the Earth. Radially-varying elasticity decreases
does not affect far-field velocities (Pollitz2011b; Pollitz et al., 2011; see also
Section 2.4.3). Sphericity was shown to have a negligible effect on modeled
coseismic horizontal displacement due to thrust faulting at distances of 0 to
5000 km from the trench (Nostro et al., 1999). Trubienko et al. (2013) showed
that interseismic displacement, normalized by the coseismic, 700 km from the
trench has the same slope towards the end of the cycle, regardless of sphericity,
indicating that interseismic velocities at the end of the cycle should also be
hardly affected.

2.5.2 Role of the Maxwell Time in Relation to the Earth-
quake Recurrence Interval

As we show in Section 2.4.9, low values (broadly below 10) of the L ratio
cause the velocities to decrease more steeply with distance from the trench. In
that case, coseismic stresses have not fully relaxed before the next earthquake
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occurs, and as a result viscoelastic model results become similar to those of
fully elastic models. This effect is consistent with the results of the simple 2D
models of Wang et al. (2021) and of the earthquake cycle models of Li et al.
(2015) and Trubienko et al. (2013). It is also analogous to model results show-
ing that shorter recurrence times lead to greater localization of interseismic
deformation around strike-slip faults (Zhu et al., 2020) and, conversely, that
recurrence times that are long, compared to relaxation times, lead to substan-
tial deviation between the deformation pattern of viscoelastic and of elastic
models (Hetland and Hager, 2005). Trubienko et al. (2013) explain the spatial
distribution of interseismic velocities in two transects, through central Suma-
tra and the Malay peninsula and through northern Honshu in Japan, using an
earthquake cycle model with a uniform elastic overriding plate. Their model
employs a plane-strain approximation, a Burgers viscoelastic rheology for the
mantle with a steady-state (Maxwell) viscosity 7 = 3-10*° Pa-s, asthenospheric
elastic parameters from PREM (Dziewonski and Anderson, 1981; giving G68
GPa and v0.28 in the asthenosphere), and a return period of 170 years. Their
% is thus ~ 7.2, accounting for the fact that 7 is 3;—5% higher in the plane
strain regime (Melosh and Raefsky, 1983). Li et al. (2015) similarly reproduce
interseismic velocities in the North Chile portion of the Andean subduction
zone using a uniform overriding plate, with a viscosity of 4 - 10'? Pa - s in the
Maxwell viscoelastic mantle wedge and an earthquake cycle duration of 200
years, resulting in a % of ~10.1.

Li et al. (2015) and Trubienko et al. (2013) do not incorporate finite gra-
dients in slip deficit downdip of the locked interface and instead impose slip
deficit to sharply transition from non-zero to zero at the downdip end of the
megathrust. A sharp transition in slip deficit is physically unlikely (Herman
and Govers, 2020) and precludes the occurrence of the intermediate-depth af-
terslip (down to at least 80 km depth) that has been inferred from geodetic
and seismological observations (Diao et al., 2014; Sun et al., 2014; Yamagiwa
et al., 2015; Hu et al., 2016a; Freed et al., 2017). The depth to which slip
deficit accumulates is especially important, as Li et al. (2015) and Trubienko
et al. (2013) show that greater locking depths producing larger intermediate-
and far-field velocities. These studies rely on shallow locking depths to repro-
duce interseismic velocities. Furthermore, when inverting observations, Li et
al. (2015) do not apply a model spin-up, necessary to obtain viscous stresses
and strain rates consistent with the long-term repetition of the earthquake
cycle. As Li et al. (2015) point out, the spin-up would increase horizontal
velocities, particularly in the intermediate-field (100-300 km from the trench),
decreasing their trench-perpendicular slope. Therefore, the steepness of the
decrease in interseismic velocities with distance from the trench is overesti-
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mated for a given % ratio in the models of Li et al. (2015) and Trubienko et al.
(2013). Nevertheless, their results suggest that low % ratios might explain the
apparent hurdle behavior of interseismic velocities in the absence of contrasts
in the compliance of the overriding plate.

Models of postseismic relaxation following the 2004 Sumatra-Andaman
earthquake, using Burgers rheologies for the asthenospheric mantle, consis-
tently indicate steady-state viscosities of ~ 1019 Pa - s, corresponding to a
Maxwell time Tof~ 5 years (Hu and Wang, 2012; Broerse et al., 2015; Qiu
et al., 2018), while the recurrence interval for an earthquake of similar size
has been estimated to be between 174 and 600 years (Gahalaut et al., 2008b;
Meltzner et al., 2010; Van Veen et al., 2014), yielding % ratios of 34.8-120.
For the Chilean convergent margin, Klein et al. (2016) and Li et al. (2018a)
invert postseismic GNSS observations in the few years (5 and 8, respectively)
following the 2010 Maule earthquake, using a Burgers or Maxwell viscoelastic
rheology, and consistently find Maxwell viscosities of 5-6 - 10'® Pa - s in the
continental asthenosphere under the Andes, corresponding to Maxwell times
of 2.4-3.0 years. Aron et al. (2015) estimate the return period as between
84 and 178 years, which would put % in the 28.0-74.2 range. In the Japan
subduction zone, simultaneous inversions of GNSS time series following the
2011 Tohoku earthquake into afterslip and viscoelastic relaxation parameters,
using Burgers or non-linear flow law—based viscoelastic rheologies for the as-
thenosphere, indicate that the steady-state viscosity of the mantle wedge is in
the range of 4-101018 Pa - s (Agata et al., 2019; Muto et al., 2019; Fukuda
and Johnson, 2021). This corresponds to Maxwell relaxation times of 2.0-5.0
years and is in agreement with the results of the inversion of gravity data into
viscous relaxation parameters only by Cambiotti (2020). The recurrence in-
terval T for events similar to the 2011 Tohoku-oki earthquake is ~ 600 years
(Satake, 2015), which puts the % ratio in the 120-300 range. The ratios (12.1
and 7.2, respectively) used by Trubienko et al. (2013) and Li et al. (2015)
are thus below the low end of the realistic range. Our models reproduce the
hurdle-like response for low ratios of % (Section 2.4.9). Still, higher ratios are
more realistic for the active margins that we investigate, and our model results
show that hurdle behavior is not reproduced with uniform high % ratios (man-
tle viscosities in line with the majority of postseismic studies) combined with
uniform elastic compliancy of the overriding plate (Sections 2.4.2 and 2.4.4).
This argues for compliancy contrasts in the overriding plate.
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2.5.3 Tectonic Significance of a Mechanical Contrast

Klein et al. (2016) suggest that stiff cratonic back-arc lithosphere in central
Argentina affects horizontal and vertical postseismic surface velocities follow-
ing the Maule earthquake. Li et al. (2018a) invert postseismic displacements,
including in the far field, following the Maule earthquake into rheological struc-
tures of the upper mantle, finding strong evidence for a stiff (elastic, or vis-
coelastic with high viscosity) cratonic lithospheric root beneath central Ar-
gentina. Seismic data also indicate that the Andean lithosphere has very thick
crust and warm lithospheric mantle that contrast with thinner (but still thick)
cratonic crust underlain by cold, stiff lithospheric mantle farther to the east,
from Venezuela to central Argentina (Chulick et al., 2013). This juxtaposition
represents a significant contrast in lithospheric averages of the compliance.
The hurdle location that we inferred from the GNSS velocities agrees with
the tectonic boundary (Section 2.2.5 and fig. 2.6a). Immediately to the south
of the Central Andes, around 30°S, the trench-perpendicular hurdle coincides
with different terrane and active tectonic boundaries (Ramos, 1988; Ramos,
1999). In particular, it is located between the eastern front of the active
Andean Precordillera fold-and-thrust belt (Baldis et al., 1982; Ortiz and Zam-
brano, 1981) and the western margin of the Rio de la Plata craton (Alvarez
et al., 2012), within a mountain range (the Sierras Pampeanas) characterized
by active reverse faults and lateral contrasts in crustal thickness and layering
(Perarnau et al., 2012). The eastern edge of the Andes as marked by active
faults correlates spatially with the western edge of the distinct, stable, largely
cratonic interior of the South America plate. Thus, the general but imperfect
coincidence of the hurdle with the active backthrust, where present, is consis-
tent with the hurdle being determined by a contrast in compliance that occurs
with different amplitudes and different depth dependences along the orogen.
In Sunda, the overriding plate is a set of Paleozoic-Cenozoic accreted ter-
ranes (Hall et al., 2009). We are unaware of independent proof that Sundaland
is mechanically stiffer than the Sumatra forearc. However, a significant crustal
contrast exists across the Meratus paleosuture in Java (Figure 2.6b; Haberland
et al., 2014). Contrasts may also exist across two major structural boundaries.
The first of these is peninsular Malaysia’s Bentong-Raub suture zone, which
separates the Sibumasu terrane to its southwest from the Indochina terrane
(Metcalfe, 2000). The second boundary is the Medial Sumatra Tectonic Zone,
which separates the Sibumasu terrane to the northeast from the West Sumatra
block and the overlying Woyla accretionary complex and volcanic arc (Hutchi-
son, 1994; Hutchison, 2014; Barber, 2000; Barber et al., 2005) and which
largely coincides with the strike-slip Sumatran Fault in central and northern
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Sumatra. Simons et al. (2007) used GNSS data to identify the approximate
boundaries of the interseismically nondeforming part of the Sundaland block
(Michel et al., 2001); its internal (south and west) boundary aligns roughly
with geological suture boundaries. On the other hand, estimates from coher-
ence between gravity and topography show no evidence of a block in the inte-
rior of the plate with higher T, than the forearc region (Audet and Biirgmann,
2011; Shi et al., 2017).

To explain the steep spatial gradient near the trench in horizontal inter-
seismic velocities in Hokkaido, Japan, Itoh et al. (2019) and Itoh et al. (2021)
proposed and modeled the effect of a compliant lithosphere in the volcanic
arc and back-arc, in contrast with a less compliant forearc, as evidenced by
temperature, heat flux, and seismic wave attenuation (Katsumata et al., 2006;
Kita et al., 2014; Liu et al., 2013; Tanaka et al., 2004; Wada and Wang, 2009;
Wang and Zhao, 2005). However, in the model of Itoh et al. (2019), veloci-
ties are restricted by the fixed landward edge of the domain, which localizes
shortening and shearing in the compliant material. We propose that velocities
are instead restricted by the contrast between the compliant arc and back-arc
and the less compliant material farther from the trench, in the Sea of Japan
and beyond. The Sea of Japan is a Miocene back-arc basin of the Japan and
southern Kurile subduction zones. It is inactive (Karig, 1974), having ceased
extending around 14 Mya (Tatsumi et al., 1989), and is likely less compliant
than the Japan arc. The Amurian-Okhotsk plate boundary follows the sea’s
eastern margin (Seno et al., 1996) (Figure 2.6¢). The plate boundary mechani-
cally decouples these plates in the long term, but they are coupled during most
of the earthquake cycle. The lack of GNSS observations in the Sea of Japan
prevents us from determining where exactly the compliance contrast occurs
and whether creep along the plate boundary further affects velocities.

2.5.4 Compliance Contrasts in a Rheological and Geody-
namic Context

As stated in Section 2.4.4, our model results suggest that interseismic veloci-
ties might necessitate a larger contrast in interseismic compliance within the
overriding plate than can be provided by realistic elastic parameters. Con-
cretely, the Young’s modulus needs to be high enough in the portion of the
plate between the trench and the hurdle as to transmit substantial coseismic
displacement to the far-field, and low enough in the far-field interior of the
plate as to not exceed plausible values. The portion of the plate between the
trench and hurdle must thus transition from its greater coseismic compliance,
dictated by elastic properties, to lesser compliance in the interseismic period.
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This transition might be related to viscous creep of the lower crust and upper
mantle (Biirgmann and Dresen, 2008), which reduces flexural rigidity (Ranalli,
1995), and likely also compliance, over time after loading. Low effective elas-
tic thickness is thought to indicate departure from purely elastic rheology,
such as due to high temperatures, inherited weak zones, or high horizontal
stresses (Burov and Diament, 1995), which are likely to occur in the thermo-
mechanically young lithosphere at convergent boundaries. The increased water
content at subduction zones also contributes to departure from elasticity by
decreasing the viscosity (Kirby, 1983; Chopra and Paterson, 1984; Hirth and
Kohlstedt, 1996; Dixon et al., 2004) and lower plastic strength (Blacic and
Christie, 1984; Mainprice and Paterson, 1984) of the lower crust and upper
mantle. Geodynamical, petrological-thermomechanical numerical modeling of
subduction shows that brittle-plastic rheological weakening by both fluids and
melts plays an important role in the evolution of the subduction zone and
in the development of the volcanic arc and the back-arc region (Gerya and
Meilick, 2011). Increased viscosity of the upper mantle under cratons, such as
caused by water depletion (Dixon et al., 2004), might also contribute to the
effective compliance contrast between the lithosphere-asthenosphere system of
the plate interior and that of the near-margin region.

2.5.5 Geodetically Stable Parts of Overriding Plates?

Observations of significant coseismic displacements thousands of km away from
the megathrust rupture called into question the concept of an undeforming
(rigid) reference plate (Pollitz et al., 2011; Vigny et al., 2005; Wang et al.,
2011, see also Section 2.4.1). Our analysis suggests indeed that small but non-
zero interseismic velocities and velocity gradients extend beyond the hurdles,
and this presents a challenge for defining a reference on a geodetic observation
time scale. On time scales spanning the time needed to complete a seismic
catalog on the megathrust (tens to thousands of years, e.g., Ward, 1998a;
Ward, 1998b, it is possible that the net accumulated strain is zero, i.e., there
may exist a fully rigid reference on geological time scales.

2.5.6 Role of Major Faults in the Central Andes

As discussed in Section 2.2.6, previous studies observe and explain the spa-
tial behavior of interseismic velocities, in the context of the Central Andes,
as a result of shortening on backthrusts (Norabuena et al., 1998; Bevis et al.,
2001; Brooks et al., 2003; Brooks et al., 2011; Kendrick et al., 2006; Weiss
et al., 2016; McFarland et al., 2017; Shi et al., 2020). Quantitative models in
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these studies use either a uniform elastic half-space, or apply zero-displacement
boundary conditions close to the backthrust. Both choices artificially restrict
interseismic velocities to the near-trench region, compared to using elastic
plates overlying viscoelastic mantle and extending well into the far-field. To
explain the observed interseismic surface velocities, most of the studies also
need basal thrusts that are more spatially extensive than supported by geolog-
ical evidence (see Section 2.2.6). However, localized shortening has a more re-
gional role in determining specific trench-perpendicular velocities, particularly
in back-arc thrust belts and basal faults and in the interior of active-margin
orogens. For instance, when these faults only decouple the shallow lithosphere,
they may locally cause discontinuities and increased spatial gradients, without
affecting the near-trench portion of the velocity field (Shi et al., 2020). Major,
creeping strike-slip faults likely cause large local gradients in trench-parallel
velocities, and can localize trench-parallel velocities in a way not necessarily
related to the presence of a contrast. Nevertheless, contrasts in lithologies
and plate thickness, responsible for hurdles, might also result from continued
motion along strike-slip faults. In turn, the presence of such contrasts might
localize lateral motion into narrow fault zones.

2.6 Conclusions

Interseismic GNSS velocities from the three studied subduction zones show a
broadly linear decrease of the trench-perpendicular velocity with distance from
the trench up to what we define as the hurdle, located at variable distances
less than 1000 km. Beyond the hurdle, trench-perpendicular velocities are
near-zero (less than ~ 5 mm - yr—!) extending over thousands of kilometers
away from the trench. Trench-parallel velocities are in some cases affected by
presence of strike-slip faults (Sumatra), or are insignificant because of head-on
convergence (Japan, Java). In South America, however, they generally also
decrease steeply with distance, up to a hurdle. The hurdle roughly coincides
with the trench-perpendicular hurdle or is located up to several tens of km
closer to the trench. This interseismic deformation restricted to the near-trench
region contrasts with significant coseismic displacements that were recorded
beyond these hurdles during the large 2004 Sumatra, 2010 Maule and 2011
Tohoku earthquakes.

The location of the hurdle in observed trench-perpendicular velocities of-
ten coincides with major tectonic or geological boundaries separating a plate
margin region from a distinct, and likely more rigid, plate interior. In South
America the trench-perpendicular hurdle generally follows the eastern edge
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of the orogen, coinciding with the western margin of the cratonic lithosphere
and the eastern margin of the accreted, deformed terranes at the active plate
margin. In Sumatra, the hurdle follows the Medial Sumatra Tectonic Zone.
Off the shore of northern Honshu and Hokkaido in Japan, the hurdle probably
coincides with the boundary between the back-arc region of the islands, to the
east, and the inactive back-arc basin and Amur plate interior to the west.

Our numerical modeling results show that a contrast in overriding plate
compliance can reproduce the steep, largely linear near-trench decrease in
trench-perpendicular velocities with distance. In our models, this decrease
ends abruptly at the location of the contrast, i.e., at the hurdle. The value
of elastic moduli on either side of the contrast determines the contrast ampli-
tude and thus affects the intensity of the hurdle behavior: a weaker contrast
steepens the near-trench slope and/or makes the far-field slope more shallow.
Strengthening the contrast by decreasing the near-trench elastic moduli has a
greater effect on trench-perpendicular velocities than increasing the far-field
moduli, but higher far-field moduli are still important in introducing and defin-
ing the hurdle behavior. In contrast, trench-parallel velocities are controlled
only by the near-trench elastic moduli and decrease more gradually. The steep
decrease in the first couple of hundred km from the trench defines an apparent
hurdle that, for the values tested in our models, is closer to the trench than
the location of the contrast. The distance between the two depends on the
specific elastic moduli and the location of their contrast.

The presence and location of compliance contrasts does not significantly
affect the rate at which shear traction increases on the asperities in our mod-
els. The width of the zone where interseismic strain primarily accumulates,
roughly between the coastline and the hurdle, likely does not generate signif-
icant variations in megathrust earthquake magnitude or recurrence interval.
Velocities in portions of the subduction zone with little slip deficit, i.e., lit-
tle apparent interplate coupling on the megathrust, have lower near-trench
trench-perpendicular gradients but otherwise similar behavior, particularly in
the trench-perpendicular components. Their near-trench trench-parallel com-
ponents exhibit more complex gradients depending on location with respect
to the fully coupled asperities and the direction of trench-parallel, far-field
interplate motion.
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2.9 Supporting Information

2.9.1 Introduction

This supplementary material includes additional information on the processing
steps used to process the published horizontal velocities from GNSS sites into
interpolated fields of trench-perpendicular and trench-parallel velocities (Sec-
tion 2.9.2, cf. Section 2.2). We include an accompanying table of data sources
for South America (Table S1) and Southeast Asia (Table S2). The figures are
related to both the interpolation as well as the numerical modeling portion of
the paper, and the latter show model results briefly discussed in Section 2.4.
All modeling results, as described in Section 2.3, have been produced using the
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GTECTON finite element software package version Parallel 2021.0.0 (Govers
and Wortel, 1993; Govers and Wortel, 2005; Govers et al., 2018).

2.9.2 Estimating a Backstop Location from Interseismic
Velocities

Collection of Interseismic Velocities

We collect estimates from horizontal velocities from published literature, for
the South American margin, the Sunda margin and for (northern) Japan. The
velocities are based on repeated GNSS campaign measurements or continuous
GNSS observations, where the oldest measurements go back to the early 1990s,
and the continuous observations are more recent.

We use velocities expressed in a global reference frame. A number of older
studies expressed velocities for South America in a non-explicit stable South
America reference frames, that likely differ between studies. Therefore, we use
the tables from Kreemer et al. (2014), where a translation rate and rotation
rate has been estimated for each published set of velocities, using overlap-
ping sites from the various studies, to express velocities in the IGS08 reference
frame (the IGS realization of ITRF2008, as defined by Rebischung et al., 2012).
For these velocities, and those already expressed with respect to an ITRF
(ITRF2005, ITRF2008, or ITRF2014) we apply the South America Euler pole
of Kreemer et al. (2014). The differences between subsequent ITRF releases
are well below the 1 mm-yr~—! level (Métivier et al., 2020). We also include ve-
locities from Weiss et al. (2016), which are only provided in a self-determined,
non-explicit South America reference frame; in that case, we show that the
residuals between station velocities in that reference frame and velocities at
the same stations from other studies (published in an ITRF and rotated into
a South America frame) are extremely small (below 0.2 mm - yr—1).

Table S1 provides an overview of all data sources that we use for South
America, including data periods and information on the reference system in
which the velocities have been provided by different studies. Table S2 contains
the overview for Southeast Asia, where again we have made use of the data
selection from Kreemer et al. (2014) that is expressed in a consistent reference
frame. We add the GPS velocities for Java from Koulali et al. (2017) and
apply their Euler pole to express the velocities in ITRF. Afterwards we apply
the same Sunda Euler pole from Simons et al. (2007) to express velocities
with respect to the overriding plate. As velocity estimates based on older
campaign GNSS observations have higher uncertainties, the velocity field has
a heterogeneous noise level. For Japan the velocities have also been taken from
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the collection of Kreemer et al. (2014), see table S3 for the original sources.
We express the velocities for Japan in the Okhotsk frame from (Kreemer et al.,
2014).

As multiple earthquakes with magnitudes My, > 7.5 have occurred along
the South American, Sunda and Japan margins during the period of collecting
GNSS data, coseismic offsets and postseismic transients potentially affect the
velocity estimates. For this reason, we often have to resort to older studies
that collected pre-earthquake data. We discard velocities from the database
that have been derived from observations that may be affected by large earth-
quakes. As these earthquakes are thrust events, and thrusting leads mostly to
coseismic and postseismic displacements towards the rupture, we assume that
the affected areas are the areas located in the hinterland of the rupture. Gen-
erally, we exclude all velocities postdating major earthquakes up to a 1000 km
trench-perpendicular distance of a ruptured area (for an overview of considered
My, > 7.5 earthquakes, and the along-strike distance of the affected areas, see
Figure 2.2 in the main text). We make exceptions in case studies corrected for
postseismic transients in the GNSS timeseries, using either best-fit models or
postseismic parameterization of time series, see tables S1 to S3. For the largest
earthquakes, the 2004 Sumatra-Andaman, the 2010 Maule and 1960 Valdivia
earthquakes, we exclude data within 1500 km from the trench. This implies
that we do not consider data from sites in the vicinity of the 1960 Valdivia
rupture, as postseismic relaxation due to the 1960 event has been ongoing
(Wang et al., 2007). Similarly, for Japan we only use data preceding the 2011
Tohoku earthquake. From the resulting dataset of inter-seismic velocities, we
keep the velocity that has been estimated using the longest pre-earthquake
time span of observations, as many sites have been revisited at later times.

Once we have obtained the two components of horizontal motion for each
observation (Section 2.2), we interpolate each component separately. First,
we turn observations at locations less than 1 km apart into single data points
by computing the weighted average of the geographical coordinates and the
velocity components. In the averaging, we use as weights the inverse of the
observation variances, i.e., the squares of the observation uncertainties. We
rotate each individual horizontal velocity and associated uncertainty to its
local trench-perpendicular and trench-parallel direction (Figures 2.15 to 2.17),
as described in Section 2.2.2. We perform the following interpolation procedure
twice, separately, on trench-parallel and trench-perpendicular velocities.
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Interpolation: Local Ordinary Kriging

We define a structured interpolation grid, with a spacing of 0.25 degrees (South
America) or 0.1 degrees (Sunda and Japan) in longitude and latitude, respec-
tively. We use all n velocities and their reported uncertainties at each inter-
polation grid point using ordinary kriging (Wackernagel, 2003). Kriging is a
weighted average method that uses statistical information of the observations
(velocities in our case) zi to determine weights wi and related interpolation
uncertainties and thus compute the interpolated quantity Zy at interpolation
point 0:

2= wiz(z)  with Y w;=1 (2.1)
i=1 i=1

We compute the weights using covariance functions for velocities at all
observation points C};, the covariance functions Cjy for observation points and
the interpolation point, and the reported velocity uncertainties o;. We assume
that the covariance function between sites ¢ and j, C;; = C'(h;;), depends only
on the respective distance h;; (computed over a spherical Earth), and the same
holds for the covariance between an observation point i and interpolation point
0. The Lagrange parameter u is included to ensure that the weights sum up
to 1, and the weights can be obtained by solving the ordinary kriging system
(e.g., Lindenbergh et al., 2008):

-1

w1 011 —‘rU% Cln 1 ClO

w = E = : ..‘ : 1 . E . (22)
Wn Cnl Cnn + g, 1 CnO
L 1 1 0 1

We compute every covariance term C;; as a function C (h) of the distance
h. Before we can do so, we first compute the empirical covariance C'(h). This
requires the covariance between each pair of observed velocities:

iy = (2= ) (25 — ) (2.3)

with mean [i. Subsequently we bin the covariances in distance intervals, fol-
lowing the binning procedure used by Machuca-Mory and Deutsch (2013). We

finally fit an exponential decay function p (h) to the empirical covariance C (h)
that defines a parameterized covariance function of the form:

€0 =C0)p(t) = C O)exp (-, (2.4

r
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with variance C (0). From the exponential correlation function, we construct
covariance matrices that are mathematically valid over a sphere (Huang et al.,
2011). The range parameter r determines how fast the correlation decreases
when observations are farther apart.

The mean, variance and correlation of the velocity components are strongly
varying throughout the domain. Computing a single covariance function C (k)
for the entire velocity field would thus yield inaccurate results. Therefore, we
compute C (h) locally (and we define what “local” means later on), at every
third point of the interpolation grid in either direction (which we call an anchor
point), in a similar manner as Fouedjio and Séguret (2016) and Machuca-Mory
and Deutsch (2013).

To make the local covariance function reflect only the velocities in its vicin-
ity, at each anchor point we use a Gaussian kernel to apply a weight to the
observed velocities when binning the empirical covariance as a function of
distance to the anchor point. For the definition of locally weighted empir-
ical covariance, we refer to Machuca-Mory and Deutsch (2013). Moreover,
we multiply the Gaussian kernel weight with the inverse of the observation
variances.

The Gaussian kernel requires a width, which determines the sensitivity of
local covariance to velocities at a given distance. We define the width de-
pending on the radius of the natural neighborhood of each anchor point. To
determine natural neighbors at each anchor point, we consider the anchor
point and all observation points and we construct Voronoi cells, i.e., regions of
space nearer to a single point than to other points. We determine the natural
neighbors as the observation points whose Voronoi cells border the Voronoi
cell of the anchor point (Sibson, 1981). We define the natural neighborhood
radius as the mean distance of the natural neighbors to the anchor. We set
the Gaussian kernel width such that the kernel has a value of 0.5 at the nat-
ural neighborhood radius. To prevent that the locally weighted observation
variance is larger than the covariance function variance C'(0) (which leads to a
discontinuous interpolated field), we require that the local variance is at least 4
times larger than the weighted average of the local observation variance. This
we obtain by iteratively increasing the natural neighborhood radius until the
requirement is met.

We fit the exponential covariance function to the local experimental co-
variance using a Trust Region algorithm (Conn et al., 2000), where we apply
the same Gaussian kernel to obtain fitting weights for each distance bin in
the exponential covariance The range parameter r determines the correlation
length in the exponential correlation function p (h), and we require the range
to be at least 0.5 times the natural neighborhood radius. A smaller range may
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lead to absence of correlation between neighboring observations and leads to
discontinuities in the interpolated field.

We use natural neighbor interpolation (Sibson, 1981) to interpolate the
covariance functions from the anchor points to all the other points on the
interpolation grid. Next, we apply ordinary kriging with the interpolated
local covariance functions at each grid point to obtain an interpolated velocity
and associated uncertainty. Figures 2.3 to 2.5 show the resulting interpolated
velocity fields. The kernel widths and covariance function parameters used in
the kriging are shown in Figures 2.18 to 2.23.Figures 2.24 to 2.26 depict the
estimated uncertainties associated with the interpolated velocity fields. We
follow Lindenbergh et al. (2008) to estimate interpolation uncertainties.

Hurdle Estimation

We estimate hurdle distances along trench-perpendicular profiles, using the
trench-perpendicular and trench-parallel velocity field and associated uncer-
tainties. To do so, we resample the velocity fields and uncertainties using bi-
linear interpolation. We show a selection of these cross-sections in Figures 2.3
to 2.5. We express the velocities and uncertainties as function of distance
along a profile. To estimate a hurdle location, we fit a function f consisting
of two linear segments to the velocity y;, where the breakpoint a between the
two lines describes the hurdle distance:

Yi = f (337;, 97 O[) + €y (25)

with the continuous two segment function f as a function of distance x; and
bias and slope parameters 6:

01 + 025, T <«

2.6
O3 (x; — a) + 01 + bai, z; > « (26)

(2,0, a) = {

Using weighted non-linear least squares we minimize the following, using a
Trust Region algorithm, applying the standard deviations o; estimated in the
local kriging as weights.

min ( n <W)2> . (2.7)

To estimate uncertainties of the parameters (including the hurdle distance),
we linearize at the parameter estimates 6, & such that we can propagate the
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velocity uncertainties to obtain the variances of the estimated parameters:

Coa=(ITCM ) (2.8)

e’

Here the inverse covariance matrix C, L of the velocity fields is a diagonal
matrix:

C, ' = diag (;) (2.9)

And J is the Jacobian matrix, describing the dependence of the function f to
variation in the estimated parameters:

of (:cea)

I = (2.10)

mumerically evaluated at the estimate for § and a. We compute the 95%
confidence bounds of the hurdle distance by

&% 1(0.025,n — p) o4, (2.11)

using Student’s ¢-distribution, using n observations and p estimated parame-
ters.

2.9.3 Supplementary Figures and Tables
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Figure 2.3 Estimated hurdle locations in South America. The maps show interpo-
lated interseismic velocity components (colors, mm - yr—!) and the 95% confidence
interval of the location of the hurdle in gray. Active faults (Styron and Pagani,
2020) are shown in green; on the left, we show trench-perpendicular velocities (pos-
itive landward), and on the right trench-parallel velocities (positive left-lateral). In
both map panels, circles represent GNSS station locations, and their fill color is the
observed interseismic velocity component. Arrows show the convergence direction
along the Peru-Chile Trench (Kreemer et al., 2014). Coastlines are black. Locations
of trench-perpendicular swath profile lines A, B and C are shown on the maps by the
thick line surrounded by the thinner lines showing the swath width. The panels be-
low show the velocity profiles along A, B and C, including both interpolated velocity
components (continuous lines) with 1-standard deviation uncertainty (transparent
bands), and the velocity components at GNSS stations within the swath (dots) with
l-standard deviation error bars. Note that the interpolated velocities are based on
all GNSS velocity estimates, and not only those shown in the swath for reference.
Dotted green and orange lines depict the piece-wise linear fit. Vertical dotted lines
and colored bands outline estimated hurdle distances with 95% confidence intervals.
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Figure 2.4 Estimated hurdle locations in southeast Asia. Please refer to caption
of Figure 2.3. Thick black arrows in the maps show interplate convergence between
Sunda and Australian plates (Simons et al., 2007). The panels below the maps show
trench-perpendicular and -parallel velocities, and hurdle locations along profiles (A—
C) in Indonesia and Malaysia.
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Figure 2.5 Estimated hurdle locations in Honshu and Hokkaido. Please refer to the
caption of Figure 2.3. Thick black arrows in the maps show interplate convergence
between the Pacific plate and Okhotsk (Kreemer et al., 2014). The panels below the
maps show trench-perpendicular and -parallel velocities, and hurdle locations along
profiles A (Hokkaido ) and B (Honshu).
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Figure 2.6 Comparison of hurdle locations with main geological features for our
study regions. The panels show 1-sigma regions of hurdles for trench-perpendicular
velocities in transparent blue regions, and for trench-parallel velocities in pink (c.f.
Figures 2.3 to 2.5). Active faults are shown red. The black dashed line shows the
40-km depth contour of the top of the slab (Hayes et al., 2018). The panels show
major tectonic and geological features that are discussed in the text, where dashed
lines indicate inferred or disputed locations. (a) For South America, the eastern
front of the Precordillera, the broad location of the Sierras Pampeanas, and the
western edge of the Rio de la Plata Craton are taken from Alvarez et al. (2012),
while the orange line marks the approximate extent of the Proterozoic and older
crustal domains (Chulick et al., 2013). (b) For Sunda, the location of the Meratus
suture and Southwest Borneo crustal block is taken from (Haberland et al., 2014;
Metcalfe, 2011), while the Medial Sumatra Tectonic Zone and the crustal domains
in Sumatra and the Malay peninsula are taken from Hutchison (2014) and Metcalfe
(2011). (c) For Japan, plate boundaries are from Bird (2003).
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Figure 2.7 Schematic representation of the finite element model domain with its
geometry, spatial extent, coordinate system, main mechanical properties, and the

applied boundary conditions.
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Figure 2.8 Reference model surface deformation and profiles. The extent of the
forearc and backarc region with low Young’s modulus E, and of the far-field region
with high Young’s modulus is shown above the panels. (a) Interseismic horizontal
velocities at the end of the earthquake supercycle, immediately before the next un-
locking of the central asperity. Colors show magnitudes, and vectors show directions
and magnitudes. The black barbed line indicates the model trench that separates
the subducting plate (left) from the overriding plate (right). Black circles are sur-
face projections of locked asperities. Solid and dashed thick gray lines correspond
with transect locations in panels (¢) and (d). (b) Coseismic horizontal displacements
due to unlocking of the central asperity. Colors show magnitudes, and vectors show
directions and magnitudes of horizontal surface displacements. (c) Interseismic sur-
face velocity components along transects on the overriding plate shown in (a) with
the same line stroke (continuous or dashed). Positive velocities are landward, to the
right. (d) Coseismic displacement components along a trench-perpendicular tran-
sects show in (b). Seaward displacement is negative, to the left.
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Figure 2.9 Sensitivity of interseismic velocities to a compliancy contrast within
the overriding plate. Panels show trench-perpendicular and -parallel components
of interseismic velocities as function of distance from the trench along a transect
through the central asperity (solid grey line in Figure 2.8a). The extent of the forearc
and backarc region with low Young’s modulus E, and of the far-field region with
higher Young’s modulus is shown above the panels. The location of the contrast in F,
if any, is also marked by the dark orange vertical line. (a,c,d) Trench-perpendicular
velocity, and (b,e,f) and trench-parallel velocity. (a,b) Different average E values
(different line strokes, less continuous for lower values) with the same contrast (ratio)
between near-trench E and far-field E (same color). (c,d) Different far-field E values
(different line strokes, less continuous for lower values) with the same near-trench
E values (same color). (e,f) Different near-trench E values (different line strokes,
less continuous for lower values) with the same far-field E values (same color). The
model with a uniform of E of 100 GPa is always shown in black.
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Figure 2.10 Sensitivity of coseismic displacements to a compliancy contrast within
the overriding plate. Trench-perpendicular profiles of intermediate- and far-field
trench-perpendicular coseismic displacement at y = 0, for models with different
contrasts in F and for a uniform model as comparison. (a,b) Different average F
values (different line strokes, less continuous for lower values) with the same contrast
(ratio) between near-trench F and far-field E (same color). (c,d) Different far-field
E values (different line strokes, less continuous for lower values) with the same near-
trench E values (same color). (e,f) Different near-trench E values (different line
strokes, less continuous for lower values) with the same far-field E values (same
color). The model with a uniform F of 100 GPa is always shown in black.
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Figure 2.11 Sensitivity of interseismic velocities to the location of a compliancy con-
trast within the overriding plate. Trench-perpendicular profiles are taken through
the middle of the model, at y = 0, of the interseismic horizontal surface velocity
components, trench-perpendicular (a) and trench-parallel (b), respectively, for mod-
els with a contrast in the E value of the overriding plate (10 GPa near-trench, 100
GPa in the far-field) for different trench-contrast distances.
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Figure 2.12 Sensitivity of interseismic velocities to the megathrust locking distri-
bution. Trench-perpendicular profiles at y = 100 km (through the middle of one of
the intermediate asperities, if present) of the two horizontal velocity components,
trench-perpendicular (a) and trench-parallel (b), of interseismic velocities in a model
with or without an intermediate asperity centered at y = +100 km, halfway between
the middle one (at y=0) and each of the outer ones (at y = 200 km).
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Figure 2.13 Sensitivity of interseismic velocities to the sharpness of the contrast
within the overriding plate, and to thickness variations within the overriding plate.
Trench-perpendicular profiles at y = 0 km of the two horizontal components, trench-
perpendicular (a) and trench-parallel (b), of interseismic velocities in a model with
or without a contrast in overriding plate thickness (40 km at < 700 km, 80 km at
2 > 700 km) and elastic moduli. In both models with a contrast in overriding plate
elastic moduli, the near-trench portion of the plate has £ = 50 GPa and the plate
interior has F = 250 GPa.
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Figure 2.14 Sensitivity of interseismic velocities to the earthquake recurrence time
T relative to the characteristic stress relaxation time (“Maxwell time”) 7 of the
viscoelastic asthenosphere. Trench-perpendicular profiles at y = 0 km of the two
horizontal components, trench-perpendicular (a) and trench-parallel (b), of inter-
seismic velocities in models with an overriding plate without a contrast (uniform E
of 100 GPa) and different values of %
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Figure 2.15 Decomposition of interseismic velocities in the South America plate
reference into trench-perpendicular and trench-parallel velocities.
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Figure 2.16 Decomposition of interseismic velocities in the Sunda plate reference
into trench-perpendicular and trench-parallel velocities.
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Figure 2.17 Decomposition of Honshu and Hokkaido interseismic velocities in the
Okhotsk plate reference into trench-perpendicular and trench-parallel velocities.
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Figure 2.18 Gaussian kernel radius for the weighting of trench-perpendicular (z)
and trench-parallel (y) velocities in constructing the local covariance functions at
each anchor point in South America. Black dots denote GNSS observation points. As
the kernel is defined based on the distance to natural neighbors of the anchor point,
densely sampled areas (often near-trench) have a narrow weighting kernel, while
sparsely sampled areas have a wide weighting kernel. In some areas a low signal-to-
noise may lead to a kernel radius that is larger than the natural neighborhood, to
prevent relatively large nugget values, compared to the covariance function variance.
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Figure 2.19 Estimated local covariance (exponential) parameters: range and vari-
ance, for trench-perpendicular (z) and trench-parallel (y) velocities in South Amer-
ica. Range (in meters) describes the decay of the correlation with distance, variance
denotes the local observation variance (in mm? - yr=2). The variance is generally
larger if the observation changes much within a natural neighborhood (roughly in
between observation points) or in some cases, when the kernel radius is large because

of a low signal-to-noise.
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Figure 2.20 Gaussian kernel radius for the weighting of trench-perpendicular (z)
and trench-parallel (y) velocities in constructing the local covariance functions at
each anchor point in Southeast Asia. Black dots denote GNSS observation points. As
the kernel is defined based on the distance to natural neighbors of the anchor point,
densely sampled areas (often near-trench) have a narrow weighting kernel, while
sparsely sampled areas have a wide weighting kernel. In some areas a low signal-to-
noise may lead to a kernel radius that is larger than the natural neighborhood, to
prevent relatively large nugget values, compared to the covariance function variance.
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Figure 2.21 Estimated local covariance function (exponential) parameters: range
and variance, for trench-perpendicular (z) and trench-parallel (y) velocities in South-
east Asia. Range (in meters) describes the decay of the correlation with distance,
variance denotes the local observation variance (in mm?-yr—2). The variance is gen-
erally larger if the observation changes much within a natural neighborhood (roughly
in between observation points) or in some cases, when the kernel radius is large be-
cause of a low signal-to-noise.
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Figure 2.22 Gaussian kernel radius for the weighing of trench-perpendicular (z)
and trench-parallel (y) velocities in constructing the local covariance functions at
each anchor point in Japan. Black dots denote GNSS observation points. As the
kernel is defined based on the distance to natural neighbors of the anchor point,
densely sampled areas (often near-trench) have a narrow weighting kernel, while
sparsely sampled areas have a wide weighting kernel.
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Figure 2.23 Estimated local covariance function (exponential) parameters: range
and variance, for trench-perpendicular (x) and trench-parallel (y) velocities in Japan.
Range (in meters) describes the decay of the correlation with distance, variance
denotes the local observation variance (in mm? - yr=2). The variance is generally
larger if the observation changes much within a natural neighborhood (roughly in
between observation points) or in some cases, when the kernel radius is large because
of a low signal-to-noise. The latter is the case for the trench-parallel variances, as the
reported uncertainties are larger than the parallel signal. Still, we find a consistent
parallel signal in most of the domain, which suggests that the error is overestimated.
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Figure 2.24 Uncertainty estimates (1 standard deviation) from the local ordinary
kriging, trench-perpendicular and trench-parallel directions, for interseismic veloci-
ties in South America. In kriging uncertainties depend on both (local) variance, as
well as on observation variance. In our implementation of local ordinary kriging un-
certainties are large in areas with large gradients (especially when natural neighbors
are relatively far apart), and small in areas with small gradients, see Figure 2.3 for
the interpolated field. Circles denote the GNSS velocity uncertainties.
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Figure 2.25 Uncertainty estimates (1 standard deviation) from the local ordinary
kriging, trench-perpendicular and trench-parallel directions, for interseismic veloci-
ties in Southeast Asia. In kriging uncertainties depend on both (local) variance, as
well as on observation variance. In our implementation of local ordinary kriging un-
certainties are large in areas with large gradients (especially when natural neighbors
are relatively far apart), and small in areas with small gradients, see Figure 2.4 in the
main text for the interpolated field. Circles denote the GNSS velocity uncertainties.
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Figure 2.26 Uncertainty estimates (1 standard deviation) from the local ordinary
kriging, trench-perpendicular and trench-parallel directions, for interseismic veloci-
ties in Japan. In kriging uncertainties depend on both (local) variance, as well as on
observation variance. In our implementation of local ordinary kriging uncertainties
are large in areas with large variability in observed velocities and large distances
between observations, and small in areas with dense data coverage and small vari-
ability in observed velocities. See Figure 2.5 in the main text for the interpolated
field. Circles denote the GNSS velocity uncertainties.
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Figure 2.27 Results of the analysis of velocities in Japan, expressed in an Amur
plate reference frame, rather than an Okhotsk plate reference frame as in Figure 2.5
in the main text. The maps show interpolated trench-perpendicular (positive land-
ward) and trench-parallel (positive left-lateral) velocity fields with 95% confidence-
interval location of the hurdle, together with active faults in green from GEM (Styron
and Pagani, 2020). Coastlines are in black and arrows show the interplate conver-
gence direction between the Pacific plate and the Amur plate (Kreemer et al., 2014).
Below, we show selected trench-perpendicular profiles, in Honshu and Hokkaido, on
the landward side of the Japan Trench, along the profile lines traced in the maps.
The velocity profiles show both interpolated velocity components with 1 standard
deviation uncertainty (transparent bands), and the velocity components at GNSS
stations within the swath with 1 standard deviation error bars. Note that the in-
terpolated velocities are based on all GNSS velocity estimates, and not only those
shown in the swath for reference. Vertical green and orange lines and bands outline
estimated hurdle distances with 95% confidence intervals.
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Figure 2.28 Isometric projection of the finite element mesh used in our numerical
models.
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Trench-perpendicular horizontal interseismic velocity
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Figure 2.29 Trench-perpendicular profiles at y = 0 through the interseismic hor-
izontal surface velocity components, trench-perpendicular (top) and trench-parallel
(bottom), respectively, for a model with elastic moduli according to the vertical pro-
file of PREM (Dziewonski and Anderson, 1981) or constant, uniform values. In the
slab, E is 100 GPa and v is 0.25 in both models.
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Figure 2.30 Trench-perpendicular profiles at y = 0 through the interseismic hor-
izontal surface velocity components, trench-perpendicular (a) and trench-parallel
(b), respectively, for models with the same contrast in overriding plate E (30 GPa
at x<700 km, 150 GPa at > 700 km), the same overriding plate G (87.5 GPa) and
v (0.2) at > 700 km, and an overriding plate G at < 700 km of either 12.5 GPa
(same v = 0.2 as at > 700 km, same 1:7 ratio to far-field G as between near-field
and far-field E) or 10.71 GPa (v = 0.4, 1:8.17 ratio to far-field G).
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Figure 2.31 Plot of average traction in the downdip direction (interface-parallel,
along parallel lines on the interface intersecting the trench at right angles) on the
central asperity on the megathrust interface, through time over an earthquake cycle,
in models with different horizontal distance between the trench and the contrast in
E (10 GPa near-trench, 100 GPa elsewhere). The earthquake on the middle asperity
happens at time 0, while the earthquakes on the intermediate and external asperities
happen at time 20 and 40 years, respectively.

116



Supporting Information

Study Obs. Period | Ref. frame Region
Kendrick et al. (2001) 1993-2001 | IGS08* 23°S-10°S
Klotz et al. (2001) 1994-1996 1GS08* 22°5-42°S
Brooks et al. (2003) 1993-2001 I1GS08* 26°5-36°S
Chlieh et al. (2004) 1996-2000 IGS08* 23°5-18°S
Gagnon et al. (2005) 2001-2004 | IGS08* 14°S-11°S
Ruegg et al. (2009) 1996-2002 | IGS08* 37°5-35°S
Seemiiller et al. (2010) 2000-2010 | ITRF2008 South America
Brooks et al. (2011) 2000-2003 1GS08* 22°5-19°S
Cisneros and Nocquet (2011) | 1995-2012 | IGS08* 5°S-2°N
Drewes and Heidbach (2012) 1995-2009 | IGS08* South America
Métois et al. (2012) 1993-2009 ITRF2005° 38°5-24°S
Métois et al. (2013) 2000-2012 IGS08* 24°S-18°S
Métois et al. (2014) 2004-2012 ITRF2008 30°5-24°S
Nocquet et al. (2014) 1994-2012 ITRF2008° 12°S—-2°N
Alvarado et al. (2014) 1996-2012 | IGS08* 1°S-1°N
Villegas-Lanza et al. (2016) 2007-2013 | TTRF2008¢ 18°S-2°S
Weiss et al. (2016) 20002007 | Stable plate™’ | 24°S-16°S
McFarland et al. (2017) 20102014 | ITRF20088 29°5-21°8
Klein et al. (2018a) 2010-2015 ITRF2008 30°5-22°S
Blewitt et al. (2016) 1996-2021 | 1GS14" Global

Table 2.1 Overview of the collection of horizontal velocities for the South American
margin, including the source, the observational period, the reference frame in which
the velocities are reported. ® We make use of the velocities expressed by Kreemer et
al. (2014) where all previously published velocities have been transformed to IGS08
in a global inversion to estimate rotation and translation rates based on common
sites. P We apply the rotation pole 25.4°S, 124.6°W, 0.11° - Myr—! as provided
in Métois et al. (2012) to transform back to ITRF2005. ¢ We apply the rotation
pole 18.83°S, 132.21°W, 0.121° -Myr~! as provided by the authors to transform the
published plate referenced velocities back to ITRF2008. 4 We apply the rotation pole
18.66°S, 132.72°W, 0.118° - Myr~! as provided in the supplementary information of
Villegas-Lanza et al. (2016) to transform back to ITRF2008. ¢ Weiss et al. (2016)
use a South America plate reference, constructed with 44 cGPS sites, mostly located
in Brazil, without a prior global solution. f Weiss et al. (2016) apply a postseismic
correction of the 2007 Tocapilla M,, 7.7 earthquake to the velocity estimates, by
removing an empirically estimated coseismic step and postseismic decay function.
& McFarland et al. (2017) used the ITRF2008 South American plate motion model
(Altamimi et al., 2012), which we subsequently use to transform back to ITRF2008.
b We exclude sites SURY, RAS, PRMA, LSJ1, SPBP, NXRA, LDO, LPLN, for
which observed velocities are anomalously high in comparison to neighboring sites.
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Study Obs. Period | Ref. frame | Region
Genrich et al. (2000) 1989-1996 | IGS08* Sumatra Fault
Bock et al. (2003) 1991-2001 | IGS08* Sunda plate
Simons et al. (2007) 1994-2004 | IGS08* Sunda plate
Chlieh et al. (2008) 2002-2004 | IGS08* Sumatra trench
Prawirodirdjo et al. (2010) | 1991-2001° | IGS08* Sumatra trench
Prawirodirdjo et al. (2010) | 2001-2007° | IGS08* Sumatra trench
Prawirodirdjo et al. (2010) | 2002-2006¢ | IGS08* Sumatra trench
Kreemer et al. (2014) 1990-2014°¢ | IGS08 Global

Koulali et al. (2017) 2002-2014F | TTRF2008% | Java

Table 2.2 Overview of the collection of horizontal velocities for the Sunda margin,
including the source, the observational period, the reference frame in which the
velocities are reported. ® We make use of the velocities expressed by Kreemer et al.
(2014), where all previously published velocities have been transformed to IGS08 in a
global inversion to estimate rotation and translation rates based on common sites.
Sites from the 1991-2001 have not been affected by major earthquakes. <4 We do not
use the data from the 2001-2007 and 2002-2006 tables in areas affected by the 2004
Sumatra-Andaman earthquake and the 2005 Nias earthquakes. © We use the table
with exclusion periods for individual sites to be able to filter sites that are potentially
affected by postseismic transients. f Velocities obtained from data after the 2006 My,
7.7 earthquake in west Java has been corrected for coseismic offsets and postseismic
transients using a best-fit viscoelastic model. g Published velocities in Koulali et
al. (2017) are expressed in a Sunda plate reference, we use the Euler pole that we
received from the authors to express velocities in ITRF2008. Euler pole parameters:
longitude 81.07°W, latitude 32.66°N, angular velocity 0.435924° - Myr—!.

118



Supporting Information

Study Obs. Period | Ref. frame | Region

Sagiya et al. (2000) 1995-2000 | IGS08* Japan

Apel et al. (2006) 1995-2006 | IGS08* Northeast Asia
Jin and Park (2006) 2000-2003 | IGS08* South Korea
Hashimoto et al. (2009) 1996-2000 | 1GS08*P Japan

Liu et al. (2010) 19962005 | IGS08* Southwest Japan
Shestakov et al. (2011) 1997-2009 | 1IGS08, Northeast Asia
Nishimura (2011) 2007-2009 | IGS08* Southwest Japan
Ohzono et al. (2011) 1998-2006 | IGS08* Central Japan
Yoshioka and Matsuoka (2013) | 2005-2009 | IGS08* Southwest Japan
Kreemer et al. (2014) 1990-2013 | IGS08* Northeast Asia
Kreemer et al. (2014) 1990-2014°¢ | IGS08* Global

Table 2.3 Overview of the collection of horizontal velocities for the Japan margin
in the pre-2011 Tohoku earthquake period, including the source, the observational
period, the reference frame in which the velocities are reported. ® We make use
of the velocities expressed by Kreemer et al. (2014), where all previously published
velocities have been transformed to IGS08 in a global inversion to estimate rotation
and translation rates based on common sites. P Hashimoto et al., (2009) have
corrected for transients of the 1994 Sanriku earthquake. ¢ We exclude sites that
have velocity estimates based partly on post-2011 Tohoku data.
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3

Can Plate Bending Explain
the Observed Faster
Landward Motion of Lateral
Regions of the Subduction
Zone After Major
Megathrust Earthquakes?

3.1 Introduction and Background

The classical view of the earthquake cycle at subduction zones is that slip
deficit is gradually accumulated during the interseismic time period due to
locking of the plate interface (“megathrust”) and is suddenly released in ma-
jor earthquakes when the megathrust unlocks (e.g., Platker, 1972; Shimazaki
and Nakata, 1980). Geodetic observations of displacement at the surface of
the overriding plate, such as those made at global navigation satellite sys-
tem (GNSS) stations, generally show landward motion during the interseismic
stage. They also show trenchward motion, during the coseismic rupture, that
is consistent with the slip deficit accumulated interseismically. The trenchward
motion of the overriding plate also continues during the postseismic period,
as coseismic stress changes relax (e.g., Azua et al., 2002; Moreno et al., 2011;
Loveless and Meade, 2011; Protti et al., 2014). However, recent analyses of
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geodetic observations indicate that not all locations of the overriding plate
move trenchward postseismically (Loveless, 2017).

In fact, onshore GNSS stations hundreds of kilometers away from the rup-
ture along the subduction margin move landward faster than before the earth-
quake. This postseismic enhanced landward motion (ELM) at large along-
trench distances from a major megathrust earthquake (we will refer to this
region as "far-field") has now been been documented following 6 megathrust
events: the 2003 My, 8.3 Tokachi-oki, 2007 My, 8.4 Bengkulu, 2010 My
8.8 Maule, 2011 My, 9.1 Tohoku-oki, 2012 My, 7.4 Oaxaca, and 2014 My,
8.2 Iquique earthquakes (Heki and Mitsui, 2013; Mavrommatis et al., 2014;
Loveless and Meade, 2016; Melnick et al., 2017; Yuzariyadi and Heki, 2021).
The observed far-field postseismic ELM has the following general characteris-
tics: (i) maximum trench-perpendicular landward amplitudes between 4 and
22 mm - yr~!, (ii) at minimum along-trench distances from the middle of the
rupture 150 and 500 km, (iii) following earthquakes of My, between 7.1 and
9.1.

More specifically, the velocities in the period between 4.8 and 6.3 years
after the Tokachi-oki earthquake were more landward than before by as much
as ~ 6 mm-yr~! and at distances of ~ 200-350 km along-trench to the south
of the earthquake centroid and ~ 150 km to the northeast (Yuzariyadi and
Heki, 2021). Landward velocity increases associated with the Bengkulu earth-
quake were observed at only one station, located ~ 150 km along-trench from
the middle of the rupture. No other GNSS observations were available in its
surroundings. The increase was of 5.1 mm - yr~! when computing postseis-
mic velocities in the 2.3 years following the earthquake (Yuzariyadi and Heki,
2021). In the 5.5 years after the 2010 Maule earthquake, landward velocities
were greater than preseismic values by as much as ~ 9 mm - yr—!. The in-
creases occurred as close as ~ 500 km along-trench from the middle of the
rupture zone (Melnick et al., 2017). Between 0.8 and 3.8 years after the the
Tohoku-oki event, the landward velocity increases with respect to preseismic
values were as large as ~ 22 mm - yr~! and as close as ~ 400 km along-trench
from the mainshock centroid (fig. 3.1) (Yuzariyadi and Heki, 2021). A land-
ward velocity increase of 4.1 mm - yr~! was observed between velocities in the
5 years after the Oaxaca earthquake and preseismic velocities (Yuzariyadi and
Heki, 2021). This change is observed at a station ~ 150 km along-trench from
the middle of the rupture, with no other nearby stations. Landward veloci-
ties up to ~ 4 mm - yr~! greater than before the event were observed in the
5 years after the Iquique earthquake, at stations ~ 300-400 km along-trench
on either side of the rupture centroid (Hoffmann et al., 2018; Yuzariyadi and
Heki, 2021). Hoffmann et al. (2018) found landward increases, with respect to

122



Introduction and Background

142° 144" 146"

144"

142"

1€

146" 148°

‘\\\ffter earﬁmquake

LA
91 mm/yr

/

50 mm/yr
PobliilLt L

0 10 20 30 40 50 m

Figure 3.1 (a) Horizontal velocity changes and selected (b) preseismic and (c) post-
seismic velocities (from the beginning of 2012 to the end of 2014) used to compute
them, associated with the 2011 Tohoku earthquake. The green arrows in (a) repre-
sent velocity changes at stations whose velocities are selected to be shown in (b) and
(c). The distribution of coseismic slip in the rupture area of the earthquake, as com-
puted by the USGS, is shown in color in (a). Cropped from Figure 6 of Yuzariyadi
and Heki (2021), used under CC BY (https://creativecommons.org/licenses/by /4.

0/)

L in the second year after the event.

preseismic values, as high as 10 mm - yr~

The magnitudes of landward velocity changes after all six earthquakes ini-
tially vary over time in the period shortly after the earthquake (Yuzariyadi
and Heki, 2021). This transient period largely coincides with the previously
inferred duration of substantial postseismic transients (particularly afterslip)
and lasts ~ 5 years after the Tohoku earthquake and ~ 2 years after the
other, smaller events. The transient behavior of the trench-perpendicular ve-
locity changes is not consistent across all observations. It includes increases,
decreases, and even transitions from trenchward to landward changes within
the first 2 years after the Oaxaca (Yuzariyadi and Heki, 2021) and Iquique
(Hoffmann et al., 2018) earthquakes. However, in all cases, after this transient
period, velocity changes stabilize and remain constant, except for a moderate
increase in the following 3 years after the Iquique earthquake (Yuzariyadi and
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Heki, 2021).

An increase of the landward velocity can signify changes in the magnitude
or timing of the next earthquake in the area, for instance indicating an increase
in slip deficit accumulation and seismic hazard. Ascertaining the mechanism
responsible for the landward velocity changes can thus clarify what changes to
seismic hazard should be expected where the changes are observed. One inter-
pretation of the observed increase in landward velocities is that it results from
an increase in frictional interplate coupling on the megathrust in the vicinity
of these observations (Loveless and Meade, 2016). The hypothesis stems from
the kinematic inversion of observed velocities from different time spans into in-
terplate coupling.This interpretation implies that the frictionally coupled area
on the interface would increase due to a megathrust event hundreds of km
away.

Another explanation for the increased landward velocities is that the sub-
ducting slab accelerates over a wide portion of the margin as a result of the
megathrust unlocking in the rupture zone (Heki and Mitsui, 2013). The hy-
pothesis is consistent with marine GPS-acoustic (GPS-A) observations show-
ing increased Pacific plate velocities close to the rupture zone following the
2011 Tohoku-oki earthquake (Tomita et al., 2015). However, slab acceleration
due to an altered force balance resulting from the coseismic unlocking of as-
perities can only occur until the ruptured asperities are relocked. Relocking
is sometimes inferred to have occurred within a few months to a year after
the 2010 Maule, 2011 Tohoku, and other large megathrust earthquakes (Sato
et al., 2011a; Bedford et al., 2016; Remy et al., 2016; Govers et al., 2018). In
that case, transient slab acceleration cannot explain postseismic ELM observed
over several years. Nevertheless, no consensus exists on whether relocking is
universally rapid, or even whether rapid relocking is needed to explain observa-
tions after the Tohoku earthquake (Watanabe et al., 2014; Pena et al., 2019).
Both increased coupling and slab acceleration require additional postseismic
changes to the subduction system other than well-established postseismic pro-
cesses (e.g., asperity relocking, visco-elastic relaxation, afterslip, poroelastic
rebound).

Melnick et al. (2017) proposed another mechanism that would be intrinsic
to deformation after large megathrust events. In their mechanical models of
combined coseismic and postseismic deformation, over a 100-year timestep,
resulting from a drop in megathrust friction, they saw a pattern of velocity
changes in the far-field similar to what was observed at GNSS stations follow-
ing the Maule earthquake. Melnick et al. (2017) and Loveless (2017) proposed
that the elastic bending of the plates, in response to postseismic relaxation,
explains the far-field landward increases in landward velocities associated with
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the Maule earthquake. They also argued that the bending producing the ve-
locity changes could cause temporal clustering of megathrust earthquakes by
triggering ruptures of asperities. The 2015 Illapel, and 2016 Chiloé earth-
quakes, which followed the 2010 Maule earthquake in Chile, were interpreted
as an example of such clustering (Melnick et al., 2017; Loveless, 2017). This
interpretation implies that landward velocity changes may also be responsible
for increased shortening rates between clustered historical megathrust earth-
quakes (Melnick et al., 2017), evidenced for instance by increased subsidence
rates recorded by Sumatran microatolls (Meltzner et al., 2015; Philibosian et
al., 2014). However, Melnick et al. (2017) and Loveless (2017) compared the
effect of the simulated bending with observations only qualitatively, without
analyzing the amplitude or temporal evolution of the velocity changes result-
ing from relaxation with the observed ones. Furthermore, their investigation
of the parameter sensitivities and driving mechanisms of the process is incom-
plete in that it does not include, for instance, bulk rheological parameters,
model domain extent, and preseismic interplate locking pattern.

In this paper, we investigate how far-field enhanced landward motion (ELM)
may be produced as part of the megathrust earthquake cycle, assuming no vari-
ations in the interplate locking pattern or slab acceleration. More specifically,
we study whether the expected acceleration produced by plate bending falls
within the observed range and under what conditions this bending driven by
postseismic relaxation may occur. As part of this goal, we aim to establish
the sensitivity of this bending mechanism to key aspects of the megathrust
earthquake cycle, such as the earthquake magnitude, the downdip extent of
afterslip, and the rheology and extent of the plates and mantle.

We use numerical models of the earthquake cycle, with physically consistent
stresses, strains and megathrust slip, to quantitatively simulate the postseismic
deformation field. As ELM is observed at several subduction margins, we build
generic seismic cycle models, not tailored towards any specific geographical
region or megathrust earthquake. We conclude that in-plane bending of the
plate probably does produce some ELM, but by itself cannot explain the global
observations of ELM.

3.2 Numerical Model

3.2.1 Concept

We develop three-dimensional mechanical models of the full earthquake cy-
cle. The model geometry involves a realistic slab profile and is uniform in the
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trench-parallel direction (fig. 3.2). Deformation is driven by velocities imposed
at the ends of the plates and by the locked portions of the megathrust (asperi-
ties), which we define and which accumulate slip deficit during the interseismic
period.

It is customary to model the earthquake cycle using the backslip approach,
in which the downgoing plate (slab) is assumed to deform only according to
the imposed distribution of interseismic slip accumulation and coseismic slip,
which must be determined independently of the model. Additionally, afterslip
is either also imposed arbitrarily or assumed to be driven by coseismic stress
changes and arbitrary background stresses only. In contrast, in our method-
ology the imposed plate velocity and the mechanical continuity of the two
plates determine the pattern of interseismic slip deficit accumulation beyond
the asperities, on the rest of the megathrust and on the shear zone downdip
of it. The plate velocity, asperities, and plate continuity also determine the
shortening of the slab updip of the asperity and its downdip lengthening. De-
formation in the model during the coseismic and postseismic phases, after the
asperity is ruptured, thus reflects the recovery of elastic deformation of the
slab, including faster downdip motion of its middle portion as it catches up
with the top and bottom. It also includes coseismic and postseismic slip that
is fully physically consistent with, and determined by, the background stresses
as well coseismic and postseismic stress changes.

As the far-field overriding plate is fixed horizontally, all displacements and
velocities, both imposed as boundary conditions and resulting from the mod-
els, are expressed with respect to the overriding plate. The megathrust is
represented by a discrete fault. We consider the two principal mechanisms of
postseismic relaxation, afterslip and viscous relaxation (Ozawa et al., 2004;
Ozawa et al., 2011; Biirgmann and Dresen, 2008; Diao et al., 2014). We focus
on the postseismic period of repeating earthquake cycles.

3.2.2 Numerical Method

We use a finite element method (FEM) to solve the mechanical equilibrium
equations. The massively parallel software package GTECTON (version 2021.0;
Govers and Wortel, 1993; Govers and Wortel, 2005; Govers et al., 2018) uses
the Portable, Extensible, Toolkit for Scientific Computation (PETSc version
3.10.4; Balay et al., 2021a; Balay et al., 2021b; Balay et al., 1997) and Open-
MPT (version 3.0.0 Gabriel et al., 2004). GTECTON provides highly accurate
solutions to elastic and visco-elastic problems with arbitrary geometries, a true
free surface, and discrete/sharp fault interfaces.

The models have a tetrahedral finite element mesh with a variable resolu-
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Figure 3.2 Model setup geometry, subdomains, boundary conditions and dimen-
sions. The colors on the external surfaces indicate the displacement boundary condi-
tions (BCs): light orange—free slip along x and y at the lateral sides; cyan—velocity
BCs at the top and bottom of the downgoing plate; dark blue—free slip along z at
the landward end). The colors on the top and bottom of the slab distinguish the
asperity (red), rest of the brittle megathrust (dark fuchsia), shear zone (bright fuch-
sia), and interfaces where we impose relative motion at the interplate convergence
rate (90 mm - yr~'). Model boundaries without colors have no displacement BCs,
and therefore use zero-traction BCs.
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tion, with nodes as little as 4 km apart in high-strain areas close to the edges
of the megathrust and asperities. The reference model includes 533,755 nodes
and 3,114,252 elements and contains 6000 time steps with a size (At) of 1 year,
corresponding to 20 earthquake cycles. A visualization of the mesh is shown
in Fig. S1. Posterior estimates of the model error (Verfiirth, 1994) show that
the selected mesh is dense enough to support our conclusion that our results
are accurate within a few %.

Following each coseismic phase and each afterslip phase, the system is me-
chanically re-balanced via multiple model iterations. After model spin-up,
earthquake cycles are near-identical. There is a difference in surface displace-
ment of less than a few mm between equivalent stages of one cycle and the
preceding or following one, while 27 m of interplate convergence occurs over a
cycle. We show results from the 19th to 20th cycle.

The models are run in parallel on 10 AMD EPYC 7451 24-core pro-
cessors with Infiniband, using a Broyden—Fletcher—Goldfarb—Shannon solver
(Fletcher, 1988).

3.2.3 Model Domain and Geometry

The model geometry extends for 2000 km along-trench (in the y direction) and
2200 km in the trench-perpendicular horizontal (z) direction (fig. 3.2). The
lateral extent of the model domain is chosen so that regions where ELM is
expected are not affected by the model edges. We verified that extending the
domain further along-trench changes surface motion only minorly and close to
the lateral edges. The trench is located at z = 0 and the oceanward model
boundary at x = 212 km. The positive z direction thus points oceanward.
The domain has a vertical extent of 338 km, with z positive upward and z = 0
at the top of the overriding plate. The distance between the trench and the
landward edge of the model is 1988 km. We used pilot models to verify that
enlarging the domain in the along-trench or landward directions does not alter
the surface deformation of the overriding plate. We deal with enlargement in
the other directions in section 3.3.2.

The downgoing plate has a thickness of 80 km, consistent with the seismo-
logically detected depth of the lithosphere—asthenosphere boundary of oceanic
plates (e.g., Kawakatsu et al., 2009; Kumar and Kawakatsu, 2011), especially
for older lithosphere such as on the margins of the Pacific plate (Liu et al.,
2017). The top of the downgoing plate follows a trench-perpendicular cross-
section through the Slab2 (Hayes et al., 2018) model geometry for the Japan
subduction zone, taken to be representative of a typical subduction zone. The
overriding plate is 40 km thick with a flat top surface, except for a taper to
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the trench (at z = —8 km) over a horizontal distance (along ) of 18 km.

3.2.4 Rheology

The model consists of two elastic plates and two asthenospheric domains with
isotropic viscoelastic rheological properties (fig. 3.2). The constitutive equa-
tions (Govers and Wortel, 2005) are based on compressible elastic deformation
and incompressible viscous deformation. Here we use a linear viscosity so that
the viscoelastic properties follow a Maxwell model with a characteristic stress
relaxation time 7 ("Maxwell time"; Appendix Al in Govers et al. (2018)).
Most models have a Young’s modulus £ = 100 GPa and a shear modulus
G = 40 GPa (corresponding with bulk modulus K = 66.7 GPa, compressibil-
ity #=1.5-10"2 GPa"!, and Poisson’s ratio v = 0.25). These elastic param-
eters are chosen to be consistent with seismological observations (Dziewonski,
1984) as well as spatially uniform, for the sake of simplicity in studying model
sensitivity to their value. Below we discuss how a PREM elasticity profile
(Dziewonski and Anderson, 1981) affects the results.

The mantle wedge and sub-slab asthenosphere in most of our models have a
viscosity 7 = 10'? Pa-s. This value is roughly consistent with viscosities deter-
mined from observations of postseismic deformation after the 2011 Tohoku-oki
(Hu et al., 2016a) and 2010 Maule (Klein et al., 2016) earthquakes. These vis-
cosity and shear modulus values correspond to a Maxwell time 7 = /G of
7.92 yr (e.g., Spence and Turcotte, 1979; Melosh and Raefsky, 1983). In sec-
tion 3.3.2 we investigate the sensitivity of the results to material properties.

3.2.5 Boundary Conditions

We impose horizontal and trench perpendicular velocity boundary conditions
on the oceanic side of the subducting plate (fig. 3.2). The rest of the vertical
oceanic side, bounding the sub-slab asthenosphere, is allowed to move only in
the vertical direction, because we do not model long-term convective motions.
For the same reason, we allow only vertical motion along the vertical conti-
nental backside of the model. Slab parallel velocity boundary conditions are
imposed where the slab passes through the model bottom boundary. No dis-
placement boundary conditions are applied along the rest of the basal model
boundary, corresponding to a zero-traction boundary condition. We apply
free-slip boundary conditions at the lateral sides of the model, i.e., we allow
no displacement perpendicular to these boundaries. We investigate the effect
of altering the boundary condition and of moving the vertical location of this
boundary in section 3.3.2.
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Isostatic restoring pressures counteract vertical motions of the free surface
of both plates (Govers and Wortel, 1993; Wu, 2004). These pressures have a
magnitude proportional to vertical displacement. The constant of proportion-
ality is the gravitational acceleration (9.8 m - s~2) times the density contrast
(3250 kg - m~3 at the top of the overriding plate, 2200 kg - m~3 at the top of
the oceanic plate).

3.2.6 The Megathrust

We use the slippery node technique (Melosh and Williams, 1989) to model slip
along the megathrust in response to shear tractions that develop in the rest of
model. The megathrust is infinitely thin in this formulation, and we impose
resistive shear tractions to lock parts of the interface during periods between
earthquakes. Herman and Govers (2020) demonstrated that interseismic GPS
velocities along the South America subduction margin can be well reproduced
using a physical model of fully locked asperities with dimensions of ~ 50
km on a megathrust that can slip freely otherwise. Low shear tractions up-
and downdip of seismogenic asperities is consistent with stable sliding at low
friction (Hardebeck, 2015; Ikari et al., 2011; Scholz, 1998; Lindsey et al., 2021).
Between earthquakes we therefore consider portions of the megathrust as either
locked (asperities) or unlocked.

The megathrust outside the asperities is continuously unlocked and can
thus slip freely between earthquakes. However, the mechanical continuity of
the plates adjacent to the fault results in accumulation of slip deficit within a
distance of ~ 50 km from the asperity (Herman et al., 2018). To discourage
slip on the uppermost portion of the megathrust (Kanamori, 1972; Moore and
Saffer, 2001; Fujiwara et al., 2011; Sladen and Trevisan, 2018), we apply small
shear tractions at depths shallower than 15 km. Their direction is opposite to
coseismic slip and their amplitude is directly proportional to it, with a spring
constant of 200 Pa - m™1.

We use asperities that are circular in map view and that have a diam-
eter of 50 km. In all models, the center of one asperity is located 120 km
landward from the trench (x = —120 km) in the middle of the model (y=0).
Some models have additional asperities where landward velocity accelerations
may be expected (section 3.3.2). A model “earthquake” occurs by slip on the
megathrust when the central asperity is unlocked, which is imposed to happen
every 300 years. Unlocking relaxes all shear tractions on the asperity, and
the numerical model finds a solution to the new force balance and stresses
using ten iterations. We assume that nothing resists slip deficit release on the
megathrust, thus maximizing earthquake magnitude for a given asperity and
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interplate convergence rate, consistently with the free slip allowed interseis-
mically on the non-locked megathrust. The moment magnitude of the model
earthquake is determined by the total accumulated slip deficit on the megath-
rust. The asperity relocks immediately at the end of the coseismic phase.

3.2.7 Shear Zone Downdip of the Megathrust

The contact between the mantle wedge and the slab, downdip of the brit-
tle megathrust that releases slip deficit coseismically, hosts slow slip, tremors
and low-frequency earthquakes (Behr and Biirgmann, 2021; Lay et al., 2012;
Tichelaar and Ruff, 1993). Geodynamic models show that a viscoelastic shear
zone develops on geological time scales that facilitates differential motion be-
tween the slab and the mantle wedge (van Keken et al., 2002). The maximum
depth extent of rapid postseismic relative motion (afterslip) on the slab-wedge
interface is incompletely constrained but is commonly taken to extend to ~ 80—
100 km (Diao et al., 2014; Freed et al., 2017; Hu et al., 2016b; Sun et al., 2014;
Yamagiwa et al., 2015; Klein et al., 2016) based on postseismic relaxation
observations. We simplify the rheological complexity of the contact zone (Per-
fettini and Avouac, 2004) by representing it by a thin viscoelastic shear zone
with a very low viscosity and with the same elastic properties as the surround-
ing rocks (Govers et al., 2018; Muto et al., 2019). During the (instantaneous)
coseismic motion on the megathrust, there is no differential motion (slip) on
the shear zone. Immediately after the coseismic phase,the asperity relocks
and very rapid viscous shear stress relaxation occurs in the shear zone. We
refer to such rapid postseismic shearing as afterslip. Afterslip is effectively in-
stantaneous in our models. We compute it by rebalancing forces and stresses,
using ten iterations, immediately following the coseismic phase, during which
no differential motion is allowed on the shear zone downdip of the megathrust.
Model afterslip is consequently complete before the onset of bulk viscous relax-
ation in the wedge and sub-slab asthenosphere (Govers et al., 2018; Muto et al.,
2019). The shear zone is represented in the numerical model by an infinites-
imally thin interface using slippery nodes (Govers et al., 2018). Additional
relative motion occurs on the shear zone during postseismic and interseismic
periods as a result of viscous relaxation and continued convergence.

At depth, beyond the downdip end of the shear zone, the wedge and slab are
modeled as fully viscously coupled, in agreement with the classical geodynamic
view of the subduction system (e.g., van Keken et al., 2002; Conder, 2005;
Kneller et al., 2005; Long, 2013; Leng and Mao, 2015). In the context of our
earthquake cycle models we are not interested in the steady-state convective
flow (“corner flow”) in the wedge that is driven by slab motion. We therefore
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use a similar approach to Savage (1983) along the deeper slab-wedge interface,
as follows. The total flow field is the response to both steady subduction and
perturbations due to the earthquake cycle. By imposing a steady differential
slip rate on the part of the interface where the slab and wedge are fully coupled,
we isolate the viscoelastic response to the earthquake cycle only. Using the
split node technique (Melosh and Raefsky, 1981), we impose a differential slip
equal to the imposed subduction rate.

3.2.8 Slab-Asthenosphere Boundary

We are also uninterested in modeling the steady, long-term, Couette convective
flow due to the fact that the slab and underlying asthenosphere are viscously
coupled. We thus isolate the response of the sub-slab asthenosphere to the
earthquake cycle. Faulted nodes impose the long term subduction velocity as
a relative displacement rate along the base of the downgoing plate.

3.2.9 Surface Motion Due to Postseismic Relaxation

Postseismic relaxation in our models involves bulk viscous relaxation and af-
terslip. Since afterslip is effectively instantaneous in our models, only bulk
viscous relaxation produces changes in surface velocities. We compute these
velocity changes as Av;_pre = U — Upre, the difference between postseismic
velocities 7; at time ¢ after the earthquake and the velocities ¥ at the last
timestep before the earthquake. The latter velocities are taken to represent the
near—steady-state contribution of continued convergence with stable coupling
at the asperity. When considering cumulative displacement due to both relax-
ation mechanisms up to a certain time ¢ after the earthquake (section 3.3.1),
we remove the contribution of continued convergence by subtracting ¢ - ¥pye.

Before computing the velocity changes and displacement due to postseismic
relaxation, we correct the velocities and displacement for the small effect of
deformation due to long-term slab bending and unbending under the applied
boundary conditions. The correction is computed by subtracting velocities
from an identical model without earthquakes and asperities. Changes in veloc-
ities and displacements of the overriding plate thus represent the deformation
associated with the earthquake cycle only.

Since the model geometry has reflection symmetry about a trench-perpendicular
plane through the middle of the model (y = 0), we only plot half of the model
(y > 0) when showing surface velocity or displacements.
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3.3 Results and Analysis

3.3.1 Reference Model
Model Characteristics

We first present a “reference model”, so called as its parameters and features
will be the reference point for the sensitivity study of section 3.3.2. The
reference model (Ref) has uniform elastic moduli with realistic yet generic
values, not aimed at approximating any specific locality: Young’s modulus E =
100 GPa and shear modulus G = 40 GPa. We use a single, central asperity.
This way, we prevent additional asperities and their interseismic, coseismic
and postseismic signals from interfering with the postseismic relaxation that
we study. In later models (section 3.3.2) we discuss the effect of additional
coupling in the form of other asperities, placed laterally along-trench. The
asperity is located on the megathrust between the depths of 19.5 and 30.2 km
from the surface (11.5 and 22.2 km from the trench). Its unlocking causes
coseismic slip corresponding to a moment magnitude My, of 8.9. Afterslip
occurs between 40 km (the lower limit of the megathrust interface) and 100
km depth along the slab-wedge interface.

Surface Motion Due to Each Postseismic Relaxation Process

Figure 3.3(a) shows the cumulative surface displacement due to afterslip on
the shear zone separating the slab from the asthenospheric wedge. The trench-
perpendicular component of surface displacement of the overriding plate is
entirely trenchward (positive). Its amplitude is highest (~ 9 m) between
the asperity and the trench and decreases with distance, in both the trench-
perpendicular and the trench-parallel directions.

Figure 3.3(b) shows horizontal velocity changes at time ¢ = 1 yr after the
earthquake (Af[}'l yr_p,.e). These velocity changes are landward as close as 700
km along-trench from the middle of the asperity. The maximum amplitude of
the landward velocity change occurs around 110 km from the trench and 1054
km from the middle of the asperity (table 3.2). The trench-perpendicular gra-
dient in landward velocity changes is small in the offshore, near-trench region
(Fig. S2). The velocity changes are highest immediately after the earthquake
and decay with time. For instance, the maximum landward velocity change
(— Avxt,pre) is 0.67 mm-yr~! at ¢t =1 yr, 0.62 mm-yr—! at t = 2 yr, and
0.58 mm -yr—' at t = 3 yr.
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Cumulative Motion Due to Postseismic Relaxation

Figure 3.3(c) shows the temporal evolution of trench-perpendicular displace-
ment of one point on the surface of the overriding plate. This point (z = =170
km, y = 1060 km) is located at the lowest (most landward) Av, y,—pre at the
coastline, taken to have the same horizontal location as the downdip end of
the megathrust. Displacement is measured as 0 at the end of coseismic slip.
Afterslip, instantaneous in the model, produces the trenchward (i.e., positive)
displacement at time 0. Landward (i.e., negative) displacement then occurs
due to viscous relaxation. At this location, the trenchward displacement due
to afterslip is greater than the cumulative ELM due to viscous relaxation at
any time. In the 5 years after the earthquakes, the cumulative landward dis-
placement due to viscous relaxation is everywhere smaller than the trenchward
displacement due to afterslip. We expect the viscosity of the asthenosphere
to control the rate at which viscous relaxation occurs and thus the temporal
evolution of the resulting landward displacement. We later explore the effect
of different viscosities (section 3.3.2).

Figure 3.3 (facing page) Horizontal surface motion due to postseismic relaxation
in the reference model. (a) Displacement due to afterslip. The color field shows
the amplitude of trench-perpendicular displacement (positive landward), while the
vectors show the direction and magnitude of horizontal displacement, including the
trench-parallel component. In the cutout, the color scale is clipped at 50 mm to
show the displacement in the far-field along-trench region. The cyan contour marks
0 trench-perpendicular displacement, separating landward from oceanward motion.
The black barbed line shows the location of the trench. The outline of the asperity
is shown in red. The dashed orange lines are 2.5 m contours of slip on the shear zone
and megathrust due to afterslip. The approximate location of the coastline, taken
to be directly above the downdip limit of the locked asperity, is shown in green.
The blue dot marks the point at which displacement is plotted in (c). Only half
the model is shown because of symmetry about the middle (y = 0). (b) Velocity
changes (postseismic minus pre-seismic), 1 year after the earthquake, due to viscous
relaxation. The color field shows the amplitude of trench-perpendicular velocity,
while the vectors show the direction and magnitude of horizontal velocity. The color
scale is clipped at £5 mm - yr—! to show landward velocity changes. The cyan
contour marks 0 trench-perpendicular velocity. The black barbed line shows the
location of the trench. The outline of the asperity is shown in green. The dashed
orange lines are 2.5 m contours of coseismic slip on the megathrust. The approximate
location of the coastline is shown in green. The purple dot marks the point at which
displacement is plotted in (¢). Only half the model is shown. (¢) Temporal evolution
of total trench-perpendicular surface displacement (dots) at one point in the model
(x = —170 km, y = 1060 km), minus the contribution of the velocity at the end of
the interseismic stage, beginning immediately after the coseismic stage.
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3.3.2 Sensitivity Testing
Maximum Depth Extent of Afterslip

We evaluate the sensitivity of our model results by varying the maximum
depth at which the relative motion between the slab and mantle wedge can
deviate from the interplate convergence rate. This restricts afterslip and asso-
ciated slip deficit accumulation on the deep shear zone. This parameter is the
major mechanical constraint on material deformation, for a given rheological
structure and megathrust locking pattern.

First, we restrict afterslip to moderate depths, shallower than 75 km (model
Aft75). The maximum landward velocity change 1 year after the earthquake
is slightly lower than that produced in the reference model with a maximum
afterslip depth of 100 km (table 3.2). Landward velocity changes also occur
~ 50 km along-trench closer to the middle of the asperity. We then restrict
afterslip on the shear zone (downdip of the megathrust and thus deeper than
40 km) to very shallow depths, less than 45 km (model Aft45). The landward
displacement due to afterslip is greatly reduced, but so is the maximum land-
ward velocity change due to viscous relaxation (table 3.2 and Figs. 3.4 and
Fig. S3). Next, we allow afterslip to occur at greater depths, as much as 150
km (model Aft150). Compared to the reference model, the landward velocity
changes at time ¢ = 1 y after the earthquake have a near-identical maxi-
mum amplitude, occurring next to the trench and at a greater along-trench
distance from the middle of the asperity (table 3.2). Lastly, we completely
remove any restriction on afterslip, allowing the relative velocity of the mantle
wedge and slab to vary at any depth in response to postseismic deformation
(model AllAft). Removing the restriction on afterslip completely eliminates
any landward velocity changes due to viscous relaxation.In our models, not al-
lowing time-variable slip rates in the deep shear zone is necessary for enhanced
landward velocities to result from postseismic viscous relaxation. The spatial
extent of this restriction determines the specific pattern of velocity changes
produced.

To better understand the mechanism responsible for ELM generation in
our models, we further investigate the relationship between the restriction of
motion and the production of ELM by viscous relaxation. We take the model
with no limits on afterslip (AllAft) and we introduce a backstop in the over-
riding plate. We do this by imposing no trench-perpendicular displacement,
at all depths within the plate, at a horizontal distance of 400 km from the
trench. This model (AllAftB1) produces landward surface velocity changes
due to postseismic viscous relaxation (table 3.2). The far-field portion of the
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Figure 3.4 Sensitivity to different limits to afterslip on the shear zone downdip
of the megathrust of trench-perpendicular surface velocity changes 1 year after the
earthquake along trench-parallel profiles 170 km from the trench.

plate has an opposite pattern of trench-perpendicular motion, with landward
velocity changes in the central part of the model and lower trenchward veloc-
ities farther along-trench. Increasing the horizontal distance from the trench
to the free-slip boundary to 700 km (model AllAftB2) decreases the maximum
landward velocity change 1 year after the earthquake and increases the min-
imum along-trench distance from the middle to landward velocity changes at
that time.

Earthquake Magnitude

We examine the robustness of our results when the size of the earthquake
changes. To this end, we reduce the interplate convergence rate, uniformly
lowering the slip deficit accumulated and released over an earthquake cycle
without varying its spatial pattern. Halving the convergence rate, and thus

137



Model Model description Maximum Location (z,y) Minimum y of
name landward of maximum landward
Avz1yr—pre landward Avz 1 yr—pre
(mm - yr—+) Avz1yr—pre (km) at
(km) x = —170 km
Ref Reference model 0.7 (—110,1054) 736
Aft45 Afterslip above 45 0.3 (—230,975) 975
km depth
Aft75 Afterslip above 75 0.6 (—138,995) 681
km depth
Aft150 Afterslip above 0.7 (—6,1241) 879
150 km depth
AllAft No lower limit to 0 N/A N/A
afterslip
LoEtal n=2-10'8 Pa.s 2.4 (—171,1121) 806
(both mantles)
LoEta2 n=2-108 Pa-s 3.6 (—118, —880) 897
(wedge only)
HiEtal n=>5-1019 Pa-s 0.1 (—105,1051) 729
(both mantles)
HiEta2 n=>5-10" Pa-s 0.1 (—430, 1500) 1125
(wedge only)
LoErefK  E = 20 GPa, Ref 5.6 (—82,409) 295
K (ov. plate)
RefEloK K =33.3 GPa, 0.7 (—58,1149) 834
Ref E (ov. plate)
E30-150 E =30 GPa 2.2 (—74,514) 397
(z < 700 km), 150
GPa (z > 700
km) (ov. plate)
LatAsp Lateral asperities 0.6 (—61,1500) 646
present
AllAftB1 AllAft with no 10.5 (—106,460) 300
z-displacement in
overriding plate
at = 400 km
AlIAftB2 AllAft with no 5.8 (—85,870) 570
z-displacement in
overriding plate
at x = 700 km
FixBot Fixed base of 1.5 (—103,659) 515
mantle
FBThick Base of mantle at 1.1 (—97,740) 571
660 km depth,
fixed
LongOcean Oceanic domain 1.3 (—99, 756) 572

extending for 988

km along

Table 3.2 Main features of landward velocity changes due to viscous relaxation 1
year after the earthquake in different models
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Results and Analysis

the seismic moment My, reduces the moment magnitude My from 8.92 to
8.71 and halves the displacement due to afterslip and the velocity changes
due to viscous relaxation at any time. Similarly, reducing My by an order of
magnitude (and My, from 8.92 to 8.25) also reduces the velocity changes and
displacement to a tenth. Therefore, with a given interplate locking pattern,
ELM produced by postseismic relaxation scales linearly with seismic moment
M. This is unsurprising, given the linear nature of the rheologies used in
the model. Given the amplitude of the ELM in the reference model, even
an earthquake larger than any ever recorded would produce smaller landward
velocity changes than the largest values observed at GNSS stations.

Mantle Viscosity

Mantle viscosity controls the rate of viscous relaxation, which produces en-
hanced landward velocity changes in our reference model. We alter the vis-
cosity n, and thus the Maxwell relaxation time 7, to investigate its effect on
our findings. First, in model LoEtal we decrease n and 7 in both the as-
thenospheric wedge and sub-slab asthenosphere by a factor of 5 compared to
reference values, to 2:10'8 Pa-s and ~ 1.59 years, respectively. We decrease the
timestep size by the same factor of 5 to accurately resolve the displacement.
The earthquake size (My = 8.91) and recurrence interval (T = 300 years) are
unaltered. The resulting landward velocity changes are dramatically higher
than in the model with reference rheology and earthquake size and a single
asperity (table 3.2 and fig. 3.5, Fig. S4a). However, the maximum amplitudes
of the landward velocity changes are still smaller than observed (section 3.1
Yuzariyadi and Heki, 2021). The velocity changes decay faster than with the
reference viscosity, with the peak amplitude going from 2.5 mm-yr~—! at ¢t = 1
year to 1.6 mm - yr~! at ¢t = 2 years. In a related experiment (LoEta2), we
decrease the viscosity compared to the reference model to 2-10'® Pa - s in the
mantle wedge only, keeping it at 10' Pa - s in the sub-slab mantle. The max-
imum landward velocity change after 1 year is more than 50% higher than in
LoEtal (table 3.2 and fig. 3.5, Fig. S4b). However, these velocity changes are
still lower than observed after the Tohoku-oki, Tokachi-oki and Maule earth-
quakes (Yuzariyadi and Heki, 2021). Also, the model velocities decay rapidly,
having a maximum amplitude of 3.8 mm-yr~! at ¢t = 1 year and 2.0 mm-yr—!
at t = 2 years. The greater landward velocity changes due to viscous relax-
ation when the viscosity is lower in the mantle wedge only indicate that they
are driven by viscous flow in the wedge itself, while flow in the sub-slab mantle
opposes them.

Since the earthquake size and elastic properties have not changed, afterslip
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and the surface motion it causes, via elastic deformation, are the same as in
the reference model. The displacement due to the instantaneous afterslip in
the model is entirely trenchward. In reality, afterslip has a finite, relatively
short duration (a few years following the Tohoku earthquake, for instance, per
Muto et al., 2019; Yamagiwa et al., 2015). We compare the cumulative surface
displacement due to bulk viscous relaxation in the 2 years after the earthquake
(and thus after the instantaneous afterslip) with that due to the afterslip. The
landward motion due to viscous relaxation does exceed the trenchward motion
due to afterslip, in the along-trench far-field portions of the overriding plate,
but by a very limited amount, only as high as ~ 1.0 mm.

Increasing the viscosity of both asthenospheric domains by a factor of 5 to
510 Pa-s (model HiEtal), decreases the maximum landward amplitude
of velocity changes 1 year after the earthquake (table 3.2 and fig. 3.5, Fig.
S5a). It also decreases the rate of decay with time of the velocity changes. For
instance, the maximum landward amplitude after 10 years (0.12 mm - yr—1)
is only 11.5% lower than after 1 year. Increasing the viscosity only in the
mantle wedge has a small effect on the maximum landward velocity change
at any time (table 3.2 and fig. 3.5, Fig. S5b). However, it varies the spatial
pattern of the velocity changes significantly, pushing the peak landward value
far from the trench and at the lateral edge of the model (y = 1500 km). This
occurs because the relatively small contribution of sub-slab viscous relaxation
to surface velocities on the overriding plate is increased.

We have shown how the viscosity of the mantle wedge controls the ampli-
tude and temporal decay of the landward velocity changes. A low viscosity
produces large velocity changes, which can even compensate for the trench-
ward motion due to afterslip and produce net ELM. However, the velocity
changes decay rapidly with time as viscous relaxation proceeds and are much
smaller already a few years after the earthquake. Higher viscosities produce
long-lasting velocity changes due to viscous relaxation, but their amplitudes
are very small. Furthermore, the occurrence of afterslip should lead to con-
sistently landward average velocity changes in the months and years after
the earthquake during which deep afterslip is occurring. In contrast, velocity
changes have been observed to transition from trenchward to landward only
after two earthquakes (Iquique and Oaxaca) and within the first year after the
event (Yuzariyadi and Heki, 2021; Hoffmann et al., 2018).

Elastic Moduli and Compliance Contrast

We test the sensitivity of our reference model results to changing the elastic
parameters of the overriding plate, where the enhanced landward velocities are
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1 year after the earthquake
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Figure 3.5 Sensitivity to different mantle viscosities of trench-perpendicular surface

velocity changes 1 year after the earthquake along trench-parallel profiles 170 km
from the trench.
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observed. The effect on modeled ELM of varying the parameters within the
realistic range for Earth materials is limited. Furthermore, tailoring the values
and spatial distribution of model parameters realistically for specific settings
and scenarios is outside the scope of this study. We thus vary the parameters
uniformly, choosing extreme values to highlight their effect on ELM and help
us investigate the mechanism that produces it. In model LoErefK, we reduce
Young’s modulus F by a factor of 5, from 100 to 20 GPa, and the shear
modulus G from 40 to 6.9 GPa, without changing the bulk modulus K (66.7
GPa) and thus the compressibility 8 = # (1.5- 107! Pa™'). This increases
Poisson’s ratio from 0.25 to 0.45, close to its uppermost possible value of 0.5.
The resulting landward velocity changes are considerably greater and closer to
the asperity than in the reference model (table 3.2, Fig. S6a).

In a related but different experiment (RefEloK), we keep the reference F,
bring v to 0 (as low as possible while not negative) and halve K from 66.7
to 33.3 GPa. $ is then twice as large (3.0 - 10~'* Pa™ " instead of 1.5-10~'1)
and G is 50 GPa. The resulting velocity changes 1 year after the earthquake
have a very similar maximum amplitude as the reference model, although
with a different pattern (table 3.2, Fig. S6b). In particular, the maximum
landward velocity change is closer to the trench but farther from the asperity.
The minimum along-trench distance from the middle to the landward velocity
changes is greater than in the reference model. The ELM produced by viscous
relaxation, when trench-perpendicular displacement is restricted at a certain
distance from the trench, is primarily due to the elastic stiffness G of the
overriding plate.

We then introduce a contrast in elastic stiffness between the overriding
plate within a few hundred km of the trench and the plate farther inland.
This represents the contrast between the hot, intensely deformed, tectonically
young arc and backarc region, trenchward of the contrast, and the more sta-
ble interior of the overriding plate, landward of the contrast. This contrast
produces a steep decrease in trench-perpendicular interseismic velocities with
distance from the trench in the first few hundred km adjacent to the coast, at
the location of the locked asperity, compatibly with observations (e.g., Chlieh
et al., 2008; Ruegg et al., 2009; Loveless and Meade, 2010; Métois et al., 2012;
Weiss et al., 2016). We use values of Young’s modulus E (150 GPa) and shear
modulus G (60 GPa) five times greater at horizontal distances from the trench
beyond 700 km than closer to the trench (where they are 30 and 12 GPa, re-
spectively). This is roughly the minimum ratio of the contrast that produces a
noticeable break in the trench-perpendicular gradient of interseismic velocities
and allows for the use of elastic moduli near the bottom and top of the range
of realistic values for consolidated rock materials. The surface velocity changes
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Figure 3.6 Sensitivity to different overriding plate elastic moduli of trench-
perpendicular surface velocity changes 1 year after the earthquake along trench-
parallel profiles 170 km from the trench (x = —170 km).

1 year after the earthquake, have a maximum amplitude of ~ 2.2 mm - yr—!

(table 3.2 and fig. 3.6, Fig. S7). This is considerably more than in the reference
model, but still less than the observed landward velocity changes (Yuzariyadi
and Heki, 2021, see section 3.1), despite the model earthquake having a greater
magnitude than all observed events but Tohoku-oki. The peak landward ve-
locity change at that time is located ~ 520 km along-trench from the middle of
the asperity, while the shortest distance from the middle to landward velocity
changes then is ~ 400 km. Afterslip still produces substantial displacement
there (several tens of mm), causing the average cumulative velocity changes
from both afterslip and viscous relaxation to be entirely landward over any
length of time after the earthquake.
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Adjacent Megathrust Locking

Our previously presented models have a single locked asperity on the megath-
rust. The observed lateral velocity changes, however, occur in areas with
non-zero preseismic landward velocities and thus inferred interplate locking
(Yuzariyadi and Heki, 2021; Loveless and Meade, 2016). Therefore, in the
LatAsp model we test the effect of locking the megathrust along most of its
along-trench extent. Starting with the reference model, we add two inter-
mediate lateral asperities extending from 150 to 650 km along-trench from
the middle and two external lateral asperities extending from 800 to 1300 km
along-trench. All lateral asperities are identical to each other and ellipsoidal
in map view. Their trench-perpendicular horizontal width (50 km) and dis-
tance from the trench (centered 120 km away) are the same as for the central
asperity. All asperities are locked interseismically and need to periodically
undergo coseismic phases for the model to have multiple earthquake cycle and
thus develop background stresses. We use the same recurrence interval of 300
years for each asperity, and thus for the resulting earthquake supercycle. The
first set of additional asperities has a coseismic phase 20 years after the central
asperity and the second set after 20 more years. During each coseismic phase,
the relevant asperities are unlocked (locking tractions are removed) and slip by
as much as needed to release all the slip deficit they accumulated interseismi-
cally. At the end of each instantaneous coseismic phase, the relevant asperities
are immediately relocked and undergo an instantaneous afterslip phase, during
which the deep shear zone slips in response to coseismic clip on the megathrust.
Afterwards, convergence resumes and postseismic viscous relaxation occurs in
the region affected by coseismic stress changes, while the other asperities con-
tinue their interseismic period. We look at the landward velocity changes due
to viscous relaxation 1 year after the earthquake on the central asperity. The
amplitude of velocity changes directly above the most external asperities and
trenchward of them is decreased, compared to the reference model, to less than
0.5 mm - yr~! (Fig. S8). The maximum landward amplitude is decreased and
shifted farther from the middle (table 3.2 and fig. 3.7). The overall area occu-
pied by landward velocity changes is very similar, although it locally stretches
closer to the middle of the central asperity. Overall, adding additional locked
asperities on the lateral portions of the megathrust modifies the specifics of
the ELM produced by postseismic viscous relaxation, without fundamentally
altering it.
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Figure 3.7 Sensitivity to different megathrust locking patterns of trench-
perpendicular surface velocity changes 1 year after the earthquake along trench-
parallel profiles 170 km from the trench. The colored lines on the vertical axis mark
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Boundary Conditions and Location of Boundaries

In our reference model (Ref), we imposed zero tractions on the bottom of
the mantle, leaving it free to move. We now test the opposite end-member
boundary condition (BC): a fixed (no displacement) BC at the base of the
mantle (FixBot), which restricts motion more than is realistic. The resulting
landward velocity changes 1 year after the earthquake (Avgyyy_pre) are up to
2.5 times larger than in Ref and ~ 400 km along-trench closer to the asperity
(table 3.2 and fig. 3.8). However, the peak amplitude (1.5 mm - yr—!) is still
far smaller (by up to two orders of magnitude) than observed (section 3.1;
Yuzariyadi and Heki, 2021) and decays with time similarly to model Ref. In
a separate test (FBThick), we expand the model domain to a depth of 660
km, covering the whole vertical extent of the upper mantle, while keeping the
fixed BC at the base of the mantle. This makes the landward velocity changes
Avg1 4y pre ONce again smaller (with a maximum value of 1.1 mm - yr~!) and
farther along-trench from the middle of the asperity, although less so than in
Ref (table 3.2 and fig. 3.8).

We also test the effect of extending the horizontal, trench-perpendicular
extent of the oceanic plate and sub-slab mantle. Extending it by 800 km, to a
distance of 1012 km from the trench (model LongOcean), results in landward
velocity changes that are closer along-trench to the asperity and larger in
amplitude than in the reference model (table 3.2 and fig. 3.8). However, again,
the peak amplitude (1.3 mm - yr—!) is still far smaller (by up to two order
of magnitude) than observed (section 3.1 Yuzariyadi and Heki, 2021). The
cumulative moment release by coseismic slip and by afterslip before viscous
relaxation are both larger than in the reference model, by 0.8% and 4.8 %,
respectively.

3.4 Discussion

3.4.1 The Mechanism Producing ELM in Our Models

Our model results show that restricting the maximum depth of afterslip, by
applying full viscous coupling between the slab and wedge farther downdip,
is needed for ELM to be produced during viscous relaxation. Changing this
depth affects the resulting ELM pattern, as does introducing a trench-parallel
contrast in overriding plate compliance. These sensitivites suggest that the
mechanism producing the ELM relies on restricting trench-perpendicular mo-
tion.
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To better understand why ELM results from viscous relaxation when af-
terslip is restricted, we simulate the mechanical response of an elastic plate to
trenchward tractions, such as those that occur at the base of the overriding
plate as the mantle wedge relaxes viscously. Analytical models show that in-
plane bending occurs in a semi-infinite elastic plate in response to an outward
horizontal force on the free side of the plate (Landau et al., 1986, chapter 13).
In the context of the overriding plate in a subduction zone, the free side would
correspond to the trench and the force would result from a traction applied at
its base. An important result of this conceptually simple analytical solution is
that it produces landward displacement of the trench further in the far-field,
but only if displacements are imposed to be zero at some distance from the
rupture. Although this result is very interesting, it is of limited direct use to
ELM because of simplifications in the model setup. Therefore, to identify the
nature of the tractions that drive ELM, we explore a two-dimensional (2D)
numerical model with a distributions of tractions and boundary conditions
closer to the overriding plate in our 3D seismic cycle models.

The 2D model includes only a plate with a uniform thickness of 40 km and
the same rheological parameters as in our reference earthquake cycle model.
We ignore vertical motion and variation of horizontal motion with depth by
using a plane-stress approximation (Govers and Meijer, 2001). We apply a free-
slip boundary condition to the lateral and landward edges, while the trench-
ward edge is left free. A trenchward traction applied on a square patch at
the bottom of the plate represents the trenchward tractions due to viscous
relaxation in the mantle wedge in the vicinity of the rupture. In response
to the traction and boundary conditions, the plate moves trenchward in the
middle, but landward laterally. The trench-perpendicular width of the plate
determines the location of the trenchward displacement. This conceptually
simple model suggests that the ELM produced by viscous relaxation in the 3D
earthquake cycle models is due to the fundamental in-plane elastic response
to the trenchward viscous flow that occurs in the mantle wedge below.

Figure 3.9 summarizes our understanding of the deformation mechanism
that results in ELM due to postseismic relaxation. Viscous relaxation in the
mantle wedge produces trenchward motion and applies a trenchward traction
to the base of the overriding plate in the vicinity of the asperity, which is absent
farther along trench. The viscous coupling of the slab and mantle wedge resists
trench-perpendicular motion at a given distance from the trench (~ 335 km)
in the wedge and in the overlying overriding plate mechanically attached to
it. The combination of trenchward forcing in the middle (along-trench) of the
plate and of resistance to trenchward and landward motion all along the trench
causes the elastic response of the plate to its in-plane (horizontal) forcings to
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consist of bending, that is, to include lateral motion in the opposite (landward)
direction to the trenchward tractions it is subject to.

The location of the viscous coupling between slab and mantle wedge, and
thus of the downdip limit of afterslip, determines the resulting pattern of mo-
tion, given a certain rheology, asperity size, slip deficit, and boundary condi-
tions. The stress changes associated with coseismic slip and afterslip, and thus
the force balance during viscous relaxation, are affected by applying different
boundary conditions at the base of the mantle, representing the opposite end-
member rheology of the deeper asthenosphere, and by extending the model
domain in the depth or oceanward directions. However, the response of the
plate to viscous relaxation is still of in-plane bending and produces funda-
mentally similar motion, albeit with different amplitudes and wavelengths.
However, we find that, without any viscous coupling at depth, that is, without
any downdip limit to afterslip, nothing prevents the entire overriding plate
from moving trenchward, and no bending nor ELM occurs.

Our sensitivity study shows that the landward velocity changes depend
much less on its compressibility (while the shear modulus is kept constant)
than on the elastic stiffness of the plate (when the compressibility is kept
constant). This suggests that bending of the plate is not controlled by the
finite compressibility. In other words, the enhanced landward motion on either
side of the rupture area is not a consequence of a tendency to conserve volume
in response to the trenchward displacement of the plate. Rather, the landward
motion is part of the elastic in-plane bending of the overriding plate.

3.4.2 Consistency With Previous Research
Plate Bending Due to Postseismic Relaxation

Our model results indicate that viscous relaxation following a megathrust
earthquake can, by itself, produce ELM as part of a rotational pattern of
velocity changes. This is generally consistent with the model results and inter-
pretations of Melnick et al. (2017). In fact, they obtain a pattern of opposing
rotation about a vertical axis, including landward motion in the lateral por-
tions of the subduction zone, during the combined coseismic and postseismic
deformation caused by a drop in megathrust friction. They propose elastic
bending of both plates as the responsible mechanism. Corbi et al. (2022)
also obtain a similar pattern of opposing rotation about a vertical axes in an
analog model with an elastic wedge and a frictional megathrust separating it
from a rigid subducting plate with a constant velocity. In their model, the
rotational deformation includes landward motion above one asperity that oc-
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Figure 3.9 Mechanism responsible for ELM during viscous postseismic relaxation:
trenchward traction rates on the base of the overriding plate, resulting from postseis-
mic visco-elastic mantle flow, cause elastic in-plane bending of the overriding plate,
with rotation about a vertical axis. When there is a downdip limit to afterslip, the
bending produces enhanced landward displacement to the sides of the ruptured as-
perity.

curs as a result of frictional failure, specifically the “slip” phase of stick-slip
behavior, which is analog of the combined coseismic and postseismic phase of
the Earth’s megathrust systems. We focus on postseismic relaxation with the
same megathrust locking pattern as preseismically. We do not use variable
friction that determines megathrust tractions, but use shear tractions large
enough to completely lock the asperities, except during the coseismic phase,
when they are completely unlocked. We find that lateral ELM is produced
by viscous relaxation because the trenchward flow in the mantle wedge due to
the latter generates an elastic response in the overriding plate that produces
the former. We characterize this elastic response as consisting primarily of
in-plane bending, in agreement with the inferences of Melnick et al. (2017)
and Loveless (2017).

The ELM in our models relies on the motion of the overriding plate being
restricted at a certain distance from the trench. The distance between the
trench and this restriction determines the spatial pattern and amplitude of
landward velocity changes in response to a given earthquake. Melnick et al.
(2017) and Corbi et al. (2022) applied this restriction in their models in the
form of a backstop: they allowed no trench-perpendicular horizontal motion on
a vertical model boundary parallel to the trench and located close to it on the
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landward side (700 km from the trench in the model of Menlick et al.; roughly
3 asperity lengths in the analog scale model of Corbi et al.). In contrast, our
models extend for nearly 2000 km landward of the trench and instead rely on
the conditions imposed on the slab-wedge interface to restrict the motion of
the overriding plate. Specifically, the restriction is defined by the depth at
which the shear zone that hosts afterslip ends and full viscous coupling begins
(100 km in the reference model). There is no direct evidence of the depth at
which this transition occurs, or even if there is such a depth. Afterslip has
been inferred to occur deeper than 40 km, but there is no evidence of it taking
place beyond 100 km depth at most (Diao et al., 2014; Freed et al., 2017;
Hu et al., 2016b; Sun et al., 2014; Yamagiwa et al., 2015; Klein et al., 2016).
It is plausible, although not certain, that substantially deeper afterslip is not
only undetectable at the surface, but truly absent because of viscous coupling
between the mantle wedge and slab, in the absence of a localized shear zone.
In this case, postseismic viscous relaxation is expected to produce no ELM.

Incompatibility With Observations

The rate of ELM, in our models that produce it, is much smaller than in
observations. The observed ELM generally increases with the magnitude of
the associated earthquake, as does the ELM in our model. However, the
largest observed landward velocity change, following the Tohoku earthquake
(Mw 9.1), is more than an order of magnitude greater than in our reference
model. This is the case even accounting for the smaller magnitude of the
model earthquake (My, 8.9) and for the linear scaling of modeled ELM with
seismic moment Mjy. For the Maule earthquake, smaller in magnitude (My,
~ 8.8) than our reference model (My ~ 8.9), the maximum observed landward
velocity change (~ 9 mm - yr~!) is an order of magnitude greater than in our
reference model (~ 0.7 mm - yr=!). For the smaller earthquakes, the scaling
indicates that ELM should be as much as two orders of magnitude smaller
(for the Oaxaca earthquake, My, 7.4). Instead, the observed ELM following
those earthquakes is only an order of magnitude smaller than the maximum
observed value for the much larger Tohoku-oki event (Yuzariyadi and Heki,
2021). Furthermore, the observed along-trench location of the ELM is also
closer to the middle of the rupture than in the reference model, especially
after the Iquique, Bengkulu and Oaxaca earthquakes. Although we can modify
the boundary conditions and location of model boundaries to increase the
amplitude of landward velocity changes and decrease its along-trench distance
from the ruptured asperity, these changes are far from bridging the gap with
observed amplitudes.
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Our sensitivity tests indicate that overriding plate rheology and restrictions
on afterslip affect the amplitudes and spatial pattern of the ELM occurring
during viscous relaxation. In particular, introducing a lateral contrast between
a more compliant overriding plate lithosphere (in the arc and backarc) and a
less compliant plate interior increases the landward velocity changes. Such a
contrast has also been inferred to determine the localization of high gradients
in horizontal interseismic velocities in the arc and backarc, observed in mul-
tiple subduction zones. It is thus likely that the same compliance contrast
responsible for the distribution of interseismic velocities amplifies the ELM
produced by viscous relaxation, making it at least partly responsible for the
fluctuations in the landward velocity changes observed in the early postseismic
transient period.

Decreasing the viscosity in the mantle wedge can also produce large land-
ward velocity changes, even exceeding the trenchward motion due to afterslip
early after the earthquake. However, if the velocity changes are large shortly
after the earthquake, they also decay rapidly with time. Conversely, increas-
ing the viscosity produces a slower rate of decay of the velocity changes, but
also lower amplitudes. Either way, the results are not in agreement with the
observations, which show consistently long-lasting landward velocity changes,
starting right after the earthquake and stabilizing to values of several mm-yr—*
after the transient period of a few years, while afterslip occurs (Yuzariyadi and
Heki, 2021). Different rheologies not used in our models, such as Burgers vis-
coelasticity, could modulate the decay of velocity changes in different ways.
For instance, large landward amplitudes could be achieved in the short term
while exhibiting long-term viscosities compatible with the geodynamics of sub-
duction zones. However, such rheologies cannot provide both large amplitudes
and slow decay to the velocity changes due to relaxation of the same stress
changes. Furthermore, the along-trench vicinity to the rupture of the land-
ward velocity changes observed after the Bengkulu, Tokachi-oki and Oaxaca
earthquakes cannot be reproduced by any of the models in our sensitivity
testing.

We find that afterslip produces entirely trenchward motion of the overrid-
ing plate in all our models. This is in contrast with the hypothesis that the
bending producing landward velocity changes is driven by afterslip, proposed
by Loveless (2017). In our models, afterslip is modeled as instantaneous and
viscous relaxation happens after it has finished. Our implementation of the
two postseismic relaxation processes in our models captures the main features
of interseismic and coseismic behavior and allows to easily distinguish the con-
tribution of afterslip and viscous relaxation. At the same time, it avoids the
computational demands and expanded parameter space caused by simulating
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viscous flow in a narrow channel. However, in reality, afterslip has a finite
duration and interacts with bulk viscous flow (Masuti et al., 2016; Muto et al.,
2019; Agata et al., 2019; Yamagiwa et al., 2015). The degree to which afterslip
affects the observed velocity changes depends on its distribution through time,
as well as on the observation period and method of computation of the velocity
changes from the displacement time series. The lack of a realistic temporal
distribution of afterslip and the resulting surface displacement is a limitation of
our implementation and precludes a direct comparison with observed displace-
ment time series. Nevertheless, the entirely trenchward motion due to afterslip
implies that the observed trench-perpendicular velocity changes, with ampli-
tudes of several mm-yr—!, cannot be explained by afterslip supplementing the
motion due to viscous relaxation. This conclusion should not be affected by
the lack of two-way feedback between afterslip and viscous relaxation, as the
mechanical interaction between the two postseismic relaxation mechanisms has
a small effect on the cumulative amplitude of horizontal displacement and on
its spatio-temporal evolution, compared to the two processes not interacting
(Muto et al., 2019; Agata et al., 2019).

We find that the modeled velocity changes due to viscous relaxation decay
with time as the stresses are relaxed (fig. 3.3¢c). The contribution of afterslip,
when distributed in time, produces a trenchward signal in trench-perpendicular
velocity changes, regardless of the locking pattern on the megathrust. The re-
sulting total velocity change due to both relaxation mechanisms should exhibit
highly transient behavior, becoming more landward with time as afterslip de-
cays. It should only reach small values (less than a mm - yr~—! in the reference
model) and then decay in time as viscous relaxation continues. A transition
from trenchward velocity changes in the first year to landward velocity changes
in the second year after the Iquique earthquake is indeed observed by Hoff-
mann et al. (2018). Yuzariyadi and Heki (2021) observe generally less drastic
temporal evolution of the velocity changes for all the six earthquakes they con-
sider, including Iquique. However, they only analyze the temporal evolution of
velocity changes at one station per earthquake. They do observe a transition
from trenchward to landward velocity change in the first and second years,
respectively, after the Oaxaca earthquake, at the Puerto Escondido station
(OXPE). These transitions likely reflect substantial deep afterslip occurring
only shortly after the earthquake, ceasing after about 1 year. Both Hoffmann
et al. (2018) and Yuzariyadi and Heki (2021) agree that the velocity changes
remain landward after afterslip is inferred to have ceased. No decay in the am-
plitudes of the trench-perpendicular velocity changes is observed by Yuzariyadi
and Heki (2021) after the transient period. Amplitudes are constant after 2
years, except for a slight decay up to 5 years after the Tohoku earthquake and
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for a moderate increase up to 5 years after the Iquique earthquake. The two
longest sets of time series, after the Tohoku and Tokachi earthquakes, show
constant velocity changes in the last 4 years. This lack of decay cannot be
explained by postseismic relaxation in our models, regardless of the peak am-
plitudes of velocity changes produced, and constitutes the greatest obstacle
in explaining the observed ELM as caused by plate bending in response to
postseismic relaxation.

Overall, we find that the elastic response of the plate to viscous relaxation,
proposed by Melnick et al. (2017) and Loveless (2017), can plausibly occur,
although only if full viscous coupling between the slab and mantle wedge is
assumed to occur at a certain depth. We confirm that this response consists
primarily of in-plane bending caused by the trenchward flow in the mantle
wedge during viscous relaxation. However, according to our simulations, it is
extremely unlikely that the temporal and spatial pattern of observed landward
velocity changes later described by Yuzariyadi and Heki (2021) is primarily
produced by bending in response to postseismic relaxation.

3.4.3 Seismic Hazard Implications

If the observed velocity changes are not attributable to bending caused by
viscous relaxation, they must be caused by other mechanisms. One explana-
tion is that large megathrust earthquakes result in changes in the interplate
coupling on the megathrust, specifically an increase in the area of strong fric-
tional coupling on the megathrust in the region where ELM occurs (Loveless
and Meade, 2016). An increased area of coupling is a straightforward possible
interpretation for any landward change in velocity at subduction zones. How-
ever, no explanation has been proposed for a megathrust earthquake rupture
causing friction increases hundreds of km away. Another explanation is that
the velocity of the slab transiently increases postseismically due to the altered
force balance caused by unlocking the megathrust during the earthquake (Heki
and Mitsui, 2013). Yuzariyadi and Heki (2021) test the correlations between
the ELM they describe and the earthquake features predicted by the transient
slab acceleration hypothesis, and find the evidence inconclusive but compatible
with the hypothesis.

Both increased coupling and slab acceleration invoke an increased slip
deficit, compared to the far-field, steady-state plate convergence rate, under
the lateral far-field areas where the ELM is detected. Therefore, regardless
of which of the two explanations is correct, it is likely that the seismic haz-
ard increases at the locations and time at which enhanced landward velocities
are observed. Yuzariyadi and Heki (2021) observe that the enhanced landward
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velocities correlate with increases in the seismic rate in the relevant lateral por-
tions of the megathrust, which they interpret as evidence of increased stressing
rates. The in-plane plate bending in our models occurs regardless of the pres-
ence of any coupling on the lateral portions of the megathrust, and thus also
when the rest of the megathrust cannot have shear traction changes. The ob-
served increase in seismicity is probably caused by a a the mechanism other
than plate bending that is needed to explain the observed landward motion
requires. This mechanism is likely related to increased stressing and slip deficit
accumulation on the lateral portions of the megathrust.

Further research is needed to investigate frictional behavior of the megath-
rust interface possibly responsible for increased coupling. Discriminating be-
tween the two mechanisms proposed to produce this increased slip deficit ac-
cumulation is necessary to distinguish whether the increased hazard consists
of a greater likelihood of rupture (implied by greater stressing rate due to
slab acceleration) or greater peak slip during the future ruptures (a possible
consequence of greater frictional coupling on the megathrust). Future studies
should also look for further geodetic evidence of transient slab acceleration,
including elsewhere in the megathrust subduction system.

3.5 Conclusions

Postseismic viscous relaxation can indeed produce enhanced landward motion
(ELM). The mechanism producing ELM in our models is the elastic, in-plane
response of the overriding plate to the trenchward viscous flow due to relax-
ation in the mantle wedge. This elastic response consists largely of in-plane
elastic bending of the plate. This mechanism relies on the restriction of after-
slip provided by the viscous mechanical coupling of the mantle wedge and slab
beyond the maximum depth of afterslip. Megathrust coupling in the lateral
portions of the interface, above which ELM is observed, is not needed nor in-
terferes significantly with the production of ELM in the models by postseismic
viscous relaxation.

Enhanced landward velocity changes as part of the modeles plate bending
due to viscous relaxation are small compared to observations. They also decay
noticeably with time. This behavior is inconsistent with the observations of
large ELM (several mm - yr—! to a couple cm - yr—!) persisting over multiple
years and only exhibiting transient behavior shortly after the earthquake. Fur-
thermore, the geodetically observed ELM also occurs at smaller along-trench
distances from the rupture than produced by plate bending in our models. We
conclude that the observed ELM requires mechanisms other than postseismic
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plate bending. The most plausible explanation is thus that slip deficit accu-
mulates at greater rates at the locations and times at which lateral landward
velocity changes are observed, increasing seismic hazard there and then.
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3.7 Supporting Information

3.7.1 Introduction

This supporting information includes includes additional details of the model
results presented in Section 3.3. In particular, it consists of text and figures
that briefly describe the quantitative effect of varying model parameters in
both the 2D conceptual and 3D seismic cycle models. It complements Sections
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Figure 3.10 Isometric projection of the finite element mesh used in the reference
model (Ref).

Sections 3.3.1 and 3.3.2, providing numbers and figures that would otherwise
clutter the exposition of the results.

3.7.2 Additional Figures
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Figure 3.11 Trench-perpendicular surface velocity change 1 year after the earth-

quake along trench-parallel profiles in the reference model (Ref) at different distances
from the trench.
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Figure 3.12 Landward motion due to postseismic relaxation in a model with no
time-variable relative motion (afterslip or interseismic slip deficit accumulation) be-
tween the slab and mantle at depths greater than 45 km. (a) Displacement due to

afterslip. (b) Velocity changes, 1 year after the earthquake, due to viscous relax-
ation.
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Figure 3.13 Trench-perpendicular velocity changes Avgiyr_pre, 1 year after the
earthquake, due to viscous relaxation, in models with a viscosity of 2- 1018 Pa-s in
the visco-elastic mantle in (a) both mantle domains (model LoEtal), or (b) only in
the mantle wedge (model LoEta2). In (b), the sub-slab asthenospheric mantle has
the same viscosity (10'° Pa-s) as both mantle domains in the reference model.
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Figure 3.14 Trench-perpendicular velocity changes Avgqyr_pre, 1 year after the
earthquake, due to viscous relaxation, in models with a viscosity of 510 Pa-s in
the visco-elastic mantle in (a) both mantle domains (model LoEtal), or (b) only in
the mantle wedge (model LoEta2). In (b), the sub-slab asthenospheric mantle has
the same viscosity (10!° Pa-s) as both mantle domains in the reference model.
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the same K as in the reference model (LoErefK), or (b) lower K and the same E
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Figure 3.16 Trench-perpendicular velocity changes Avgqyr_pre, 1 year after the
earthquake, due to viscous relaxation, in a model (E30-150) with an overriding plate
E of 30 GPa at distances from the trench smaller than 700 km and 150 GPa at
greater distances.
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Figure 3.17 Trench-perpendicular velocity changes Avgqyr—_pre, 1 year after the
earthquake, due to viscous relaxation, in a model (LatAsp) with lateral asperities in
addition to the central one (all outlined in light green), unlocked 20 (intermediate
asperities) and 40 years (external asperities) after the central one.
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4

Offshore Landward Motion
Shortly After a Subduction

Earthquake Implies Rapid
Relocking of the Shallow

Megathrust

4.1 Context, Aims and Approach

The postseismic geodetic signal after a megathrust earthquake consists of sev-
eral contributions: viscoelastic relaxation in the asthenospheric mantle, post-
seismic slip (afterslip) on the megathrust and its downdip continuation, poroe-
lastic relaxation, and relocking of the megathrust interface (Bedford et al.,
2016; Fialko, 2004; Hoffmann et al., 2018; Hu et al., 2014; Joénsson et al.,
2003; Li et al., 2017; Li et al., 2018a; Peltzer et al., 1998; Remy et al., 2016;
Wang et al., 2012). Figure 4.1 summarizes the main features of postseismic
deformation at subduction zones. Relocking marks the beginning of the accu-
mulation of slip deficit in the new earthquake cycle. It results in shortening
of the overriding plate and near-trench landward velocities comparable to, but
lower than, the plate convergence rate. As oceanward motion due to viscous
relaxation and afterslip wane, the effect of the newly locked megathrust be-
comes apparent in geodetic displacement time series as landward motion of
the surface of the overriding plate. Landward motion progressively reaches
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farther from the trench with time (Wang et al., 2012). Detecting the timing of
relocking is critical for understanding the mechanical state of the megathrust
system and properly assessing the associated seismic hazard.

Evidence suggests that relocking occurs rapidly (within weeks to months)
after large megathrust earthquakes (Govers et al., 2018). In particular, rapid
relocking has been inferred from the decomposition and inversion of Global
Navigation and Satellite Systems (GNSS) displacement time series following
the 2010 My 8.8 Maule (Chile) and 2007 My 8.0 Pisco (Peru) earthquakes
(Bedford et al., 2016; Remy et al., 2016). Relocking was also inferred from
the occurrence of a normal faulting intraplate earthquake 2 months after the
2006 Kuril Islands (Russia) megathrust rupture, followed 1 year later by a
thrust-fault intraplate earthquake (Lay et al., 2009), implying a rapid transi-
tion from extension to compression (Govers et al., 2018). Other evidence of
the mechanical state of the megathrust may come from offshore observations,
via Global Positioning System and acoustic (GPS-A) ranging, of landward
horizontal postseismic motion close to the trench. However, these results have
been inconclusive.

GPS-A observations at one offshore location above the 2005 My, 7.2 Miyagi
(Japan) megathrust earthquake indicate landward postseismic motion consis-
tent with the signature of locking and interplate convergence starting one year
after the event (Sato et al., 2011b). Landward motion was also detected at
some offshore GPS-A sites on the overriding plate following the 2011 My, 9.1
Tohoku (Japan) earthquake (Sun et al., 2014; Tomita et al., 2014; Tomita
et al., 2017; Watanabe et al., 2014; Honsho et al., 2019), beginning less than
two months after the event (Guard, 2013). In contrast, the postseismic motion
observed onshore was consistently oceanward over a period of at least 5 years
after the Tohoku earthquake (Wang et al., 2018a). The offshore landward
motion following the earthquake amounted to as much as 50 cm in the first
year after the event (Sun et al., 2014). This amplitude is significantly more
than can be explained merely by relocking and the far-field, steady-state con-
vergence rate (8.3 cm - yr~! locally and as high as 9.1 cm - yr=! elsewhere on
the Japan Trench) (Watanabe et al., 2014). Watanabe et al. (2014) therefore
explicitly concluded that relocking is irrelevant for explaining the observed
motion after the Tohoku earthquake. Pefia et al. (2019) reached the same
conclusion for the onshore postseismic displacement field due to the Maule
earthquake, whose observed trench-perpendicular components were entirely
landward. Explanations have instead focused on postseismic relaxation, par-
ticularly viscoelastic relaxation and afterslip, since poroelastic relaxation can
only account for relatively small signals (Hu et al., 2004; Pena et al., 2019).

Various studies interpreting the postseismic observations following the To-
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hoku earthquake agree that the offshore landward motion is primarily caused
by viscous relaxation (Sun et al., 2014; Sun and Wang, 2015; Yamagiwa et al.,
2015; Freed et al., 2017; Suito, 2017; Noda et al., 2018; Agata et al., 2019;
Muto et al., 2019; Fukuda and Johnson, 2021; Dhar et al., 2022). Specifically,
viscous flow in the sub-slab asthenosphere produces landward surface motion,
while flow in the asthenospheric wedge produces oceanward motion (Suito,
2017). Noda et al. (2018) and Muto et al. (2019) also conclude that after-
slip contributes to the offshore landward motion on the overriding plate. A
consensus is thus forming that the typical evolution of the megathrust system
outlined by Wang et al. (2012), in which landward motion appears progres-
sively as the effect of locking prevails over diminishing postseismic relaxation,
is somewhat complicated by sub-slab postseismic relaxation producing early
and strong landward motion of the offshore forearc, regardless of locking. How-
ever, there has been no convincing mechanical explanation for why, and under
what conditions, the landward motion resulting from viscous relaxation in the
sub-slab mantle has a surface expression on the overriding plate.

We suspect that the postseismic observations of rapid landward motion,
offshore on the overriding plate, require rapid relocking of the megathrust, as
the latter determines the mechanical coupling between the two plates. We use
a quasi-dynamic three-dimensional (3D) finite element method (FEM) model
with regularly repeating My, 9.1 earthquakes to investigate this hypothesis
(Figure 4.1 and Figure 4.3 in the Supporting Information, Section 4.5). We
focus on large megathrust earthquakes that rupture the whole megathrust.
We use a uniform slab profile cut perpendicularly across the Japan Trench
from the Slab2 model (Hayes et al., 2018), but do not otherwise incorporate
the structure nor aim to reproduce the specific observed deformation of the
Japan subduction zone. We use uniform elastic plates and linear viscoelastic
asthenospheric mantle with a viscosity of 10*® Pa s in the postseismic period
we study. We impose a constant motion at a rate of 90 mm - yr—! at either
end of the downgoing plate. Slip deficit accumulates and is released accord-
ing to megathrust locking and unlocking, similarly to Govers et al. (2018).
We impose complete locking of portions of the megathrust (asperities) and
allow frictionless creep on the rest of the megathrust and on its downdip con-
tinuation, consistent with observations Scholz (1998), Ikari et al. (2011), and
Hardebeck (2015) and inverse model results (Herman and Govers, 2020). We
use five asperities, rectangular in plan view, 50 km wide, centered 200 km
along-trench from each other. We focus on the earthquake and postseismic
deformation following the unlocking of the central asperity. This asperity ex-
tends horizontally from a distance of 133 km to 3 km from the trench, reaching
very close to it in agreement with the shallow coseismic slip observed during
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the Tohoku earthquake (e.g., Meng et al., 2011). The lateral asperities extend
horizontally from 83 to 133 km from the trench and serve to provide megath-
rust coupling elsewhere along the plate margin, as observed along the Japan
trench (Yamanaka and Kikuchi, 2004; Hashimoto et al., 2009; Johnson et al.,
2016). To complete the supercycle, the two intermediate and two external
lateral asperities are unlocked 20 and 40 years after the central asperity, re-
spectively. Every asperity is unlocked every 300 years. When an asperity is
unlocked, coseismic slip releases all slip deficit, except for that due to locking
of the other asperities. We treat the interface between slab and asthenospheric
wedge, downdip of the megathrust, to be a viscoelastic shear zone (Tichelaar
and Ruff, 1993; van Keken et al., 2002) with very low viscosity and the same
elastic properties as the surrounding material (Govers et al., 2018; Muto et al.,
2019). We let the shear zone accommodate relative motion at depths shallower
than 80 km, where afterslip is commonly thought to occur (Diao et al., 2014;
Sun et al., 2014; Yamagiwa et al., 2015; Hu et al., 2016b; Freed et al., 2017).
Afterslip occurs on the shear zone, immediately after the earthquake, relaxing
as much as possible the elastic traction changes caused by coseismic deforma-
tion. We look at the cumulative horizontal surface motion during the first
year after the earthquake, produced by the two major postseismic relaxation
processes, afterslip and viscous relaxation, as well as continued plate conver-
gence. The modeling method is described more thoroughly in the Supporting
Information (Section 4.5), Section 4.5.2.

4.2 Model Results

In our first model, we immediately relock the entire ruptured asperity, from 3
km of horizontal distance from the trench down to a depth of 30 km and 133 km
horizontally from the trench. Figure 4.2 shows that the trench-perpendicular
surface displacement in the first year after the earthquake is directed landward
next to the trench on the overriding plate, as well as on the oceanic plate.
Displacement is trenchward elsewhere on the overriding plate. The amplitude
of landward displacement is largest (~ 30 cm) at the trench and decreases with
distance from the trench and, to a lesser extent, with along-trench distance
from the central asperity. Landward displacement reaches as far as ~ 45
km horizontally from the trench. Landward motion occurs throughout the
oceanic domain, in the slab and sub-slab asthenosphere, and also extends
to the mechanically coupled forearc directly above the shallow megathrust,
including the solid surface at the tip of the overriding plate (Figure 4.4).

168



Model Results

Onshore
oceanwar d w Offshore
motion landward

motion

Elastic >

| Asperity Elastic
................................................................................. \ (ruptured

coseismically, =

Megathrust can relock)

(was able to slip

Viscoelastic C
z coseismically)

Shear zone

&~

. (relaxes
4= Dijsplacement
stress/€hanges
Traction change | via Afterslip) Viscoelastic

== due to viscous
stress relaxation

Figure 4.1 Schematic cross-section of deformation during the postseismic stage of
the earthquake cycle. The subduction zone consists of two elastic lithospheric plates,
separated by the megathrust interface and underlain by viscoelastic asthenospheric
mantle. After the asperity ruptured during a megathrust earthquake, causing coseis-
mically slip on the asperity and the rest of the megathrust, coseismic stress changes
are relaxed. Postseismic relaxation includes bulk viscous flow in both asthenospheric
domains, and rapid deep afterslip on the shear zone downdip of the megathrust.
Postseismic relaxation produces additional convergent horizontal motion, with the
oceanic domain moving landward and the continental/island arc domain moving
landward. Landward surface motion is observed on land on the continental domain.
After the 2011 Tohoku earthquake, opposing (landward) motion was observed on
the seafloor at the tip of the overriding plate.
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Figure 4.2 The whole asperity relocks instantly after the earthquake. Cumula-
tive horizontal postseismic surface displacement after 1 year, assuming afterslip has
ceased by then and including steady-state plate convergence. Colors show the trench-
perpendicular displacement. Note that the color scale is asymmetrical, emphasizing
the smaller (on the overriding plate) landward motion and de-emphasizing ocean-
ward motion. Arrows show the displacement direction. The red rectangles show
the surface projection of the outline of the asperities. The approximate location of
the coastline, assumed to be directly above the downdip limit of the asperities is
shown by the labeled line. The trench is shown as a barbed line. Dashed orange
contours show coseismic displacement on the megathrust in 2.5 m increments. (a)
Entire model, showing the surface motion and the overriding plate, asthenospheric
wedge, subducting oceanic plate, and oceanic asthenosphere. (b) Surface motion
in the central part of the model (marked and labeled in (a)). The extent of the
relocked portion of the asperity, coinciding here with the whole asperity, is shown
by the diagonal light green lines.
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In the second experiment, we do not relock any part of the central as-
perity after the earthquake, letting it slip freely postseismically together with
the surrounding subduction interface. Displacement of the overriding plate is
trenchward in this case, with no zone of landward motion close to the trench
(Figures 4.5 and 4.6).

Does landward motion of the overriding plate require relocking of the en-
tire asperity? Twenty kilometers was sometimes considered the updip limit
of the frictionally unstable, potentially seismogenic portion of the megathrust
(Byrne et al., 1988; Scholz, 1998). Relocking the deep part of the asperity only,
between 20 and 30 km depth, is insufficient to produce landward displacement
on the overriding plate during the first year after the earthquake (Figures 4.7
and 4.8). The amplitude of trenchward displacement above the asperity is nev-
ertheless lower (i.e., less oceanward) than with no relocking whatsoever. We
note that the shallow unlocked asperity and adjacent portions of the megath-
rust are not completely free to slip, because the mechanical continuity of both
plates limits the slip that can occur in the vicinity of the relocked portion
(Herman et al., 2018).

Relocking of only the shallow portion of the central asperity, above 20 km
depth, yields landward postseismic surface displacement at the near-trench
tip of the overriding plate, at the surface (Figure 4.9) and in the subsurface
(Figure 4.10). However, the maximum surface amplitude of landward displace-
ment in the first year (~ 28 cm) and its trench-perpendicular spatial extent
(~ 25 km) are both smaller (slightly and substantially, respectively) than with
relocking of the whole asperity.

4.3 Discussion and Conclusions

4.3.1 Interpretation, Consistency with Previous Research,
and Limitations

In our model results, the oceanic and continental domains generally have con-
vergent, opposing motion, respectively landward and trenchward. Viscous flow
and afterslip allow the shallow slab and the overriding plate in the vicinity of
the rupture to further extend, continuing to release stresses accumulated dur-
ing the interseismic period, as they accommodated convergence by shortening.
This behavior is consistent with previously published results (Muto et al.,
2019; Noda et al., 2018; Suito, 2017; Sun et al., 2014; Yamagiwa et al., 2015,
e.g., ) and with the overview of deformation during megathrust earthquake
cycles by (Wang et al., 2012). Our results show that landward motion of the
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near-trench tip of the overriding plate requires mechanical coupling of the two
plates on the megathrust. We interpret the cause of this for this dependency
as follows: the near-trench portion of the slab, moving landward because of
postseismic viscous relaxation and afterslip, transmits its landward motion to
the thin portion of overriding plate directly above it, if and only if the locked
megathrust provides mechanical coupling between them. Without any cou-
pling, the megathrust slips freely and accommodates the opposite bulk motion
of the two domains.

Our conclusion regarding the link between megathrust relocking and near-
trench landward motion seemingly contradicts the studies that explain the
postseismic displacement following the Tohoku earthquake with no need for
locking (Sun et al., 2014; Sun and Wang, 2015; Yamagiwa et al., 2015; Freed et
al., 2017; Suito, 2017; Noda et al., 2018; Agata et al., 2019; Muto et al., 2019;
Fukuda and Johnson, 2021; Dhar et al., 2022), as well as the specific claim that
relocking is largely irrelevant for explaining the observed offshore landward
motion after the Tohoku earthquake (Watanabe et al., 2014). This apparent
contradiction is due to those studies considering the effect of relocking to be
only the signal due to continued far-field interplate convergence in addition
to megathrust locking. This follows from the use of the backslip approach
(Matsu’ura and Sato, 1989) in megathrust system models. However, when
studying the early postseismic period, we must consider the effect of interplate
coupling, if any, interacting with the motion due to postseismic relaxation, not
merely with steady-state interplate convergence.

Previous studies generally consider afterslip to consist of all postseismic
slip on the interface. This includes slip that releases slip deficit and associ-
ated elastic strains that were accumulated interseismically due to megathrust
locking and not released coseismically. This afterslip is often assumed to de-
cay in time while spatially stationary (Bedford et al., 2016, e.g., ). However,
postseismic slip also occurs passively on unlocked portions of the megathrust
as a result of interplate convergence and viscous relaxation. Since a lack of
afterslip implies that the interface is locked, i.e., does not slip, we can in-
terpret the results of previous studies in terms of relocking by observing the
afterslip distributions they use. Suito (2017) does not include afterslip in his
model. Sun et al. (2014) impose an afterslip distribution that has near-zero
values in the entirety of the rupture zone. Diao et al. (2014) and Noda et al.
(2018) invert exclusively onshore displacement time series into afterslip, with
different slab geometries. They find no significant afterslip above a depth of
20 km below solid ground, corresponding to ~ 150 and ~ 90 km of horizon-
tal distance from the trench, respectively, in each geometry. Yamagiwa et al.
(2015) and Freed et al. (2017) invert onshore and offshore geodetic displace-
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ment time series into afterslip. They find little afterslip above 25 km depth
below sea level, or within ~ 150 km of horizontal distance from the trench, in
the region where offshore landward displacements are observed, at any time
after the earthquake, although there is some shallow afterslip immediately to
the south and, in the results of Freed et al., farther north. Muto et al. (2019)
and Dhar et al. (2022) invert onshore and offshore geodetic observations with
stress-driven afterslip. Muto et al. (2019) use a two-dimensional (2D) model
and find no afterslip within 130 km of horizontal distance from the trench and
only very minor afterslip between 130 and 150 km. Dhar et al. (2022) use
a 3D model and find a lack of afterslip as deep as 40 km below sea level in
the central part of the rupture, and generally shallower than 30 km except for
shallow afterslip to the south of the coseismic rupture zone and of the observed
postseismic landward motion. In all these models, then, the shallow interface
is implicitly locked postseismically at the location where landward postseismic
displacement is observed geodetically and produced by the models themselves.

The peak amplitude of landward displacement in our fully relocked model
results (30 cm) is smaller than that (50 cm) observed in the first year after the
Tohoku earthquake and reproduced by previous modeling studies (e.g., Sun et
al., 2014). The reason for the smaller amplitude in our results is possibly due
to the relatively limited peak amplitude of coseismic slip (27 m). Our choice of
a single, uniform Maxwell viscosity also probably plays a role. In fact, previous
studies find that explaining observations requires a spatially inhomogeneous,
temporally variable effective viscosity, with lower short-term values particu-
larly at the base of the slab (Sun et al., 2014; Freed et al., 2017; Agata et al.,
2018; Agata et al., 2019; Muto et al., 2019). However, there is no widespread
agreement and best-fitting viscosities vary greatly with modeling methodology
(Fukuda and Johnson, 2021). We do not aim to specifically reproduce obser-
vations and thus we do not explore different amplitudes and spatio-temporal
distributions of viscosity that previous studies consider. Other models study
megathrust behavior and include sophisticated methodologies that go beyond
continuum mechanics and can provide insight into the specifics of the relocking
mechanism. For instance, Caniven et al. (2021) use a discrete element method
(Cundall and Strack, 1979; Morgan, 2015) that considers elastic particles in-
teracting frictionally and indicates that megathrust relocking is controlled by
fault dilatancy and contraction. Our models do not approach the full physical
complexity of megathrust and bulk deformation at subduction zones. Rather,
they merely establish that relocking, whatever its cause, is needed for the
landward motion due to postseismic relaxation to extend from the slab to the
top of the overriding plate, consistently with the results of previous model-
ing studies. Future work that considers additional complexity can investigate
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the role of specific relaxation and relocking mechanisms and patterns in ex-
plaining specific GNSS observations. Additionally, some interpretations of the
likely behavior of the megathrust in vicinity of the Tohoku rupture can be
made from the need of relocking to explain the observed presence of landward
motion of the offshore portion of the overriding plate.

4.3.2 Spatio-Temporal Features of Relocking and Fault
Friction

The necessity of a locked megathrust implies that relocking has already oc-
curred when landward motion is observed there. In the case of the Tohoku
earthquake, the earliest, less reliable postseismic GPS-A observations indicate
that landward motion was already occurring less than two months after the
event (Japan Coast Guard, 2013). This implies that relocking occurred within
a few weeks of the Tohoku earthquake. Rapid relocking was previously inferred
from the decomposition of geodetic displacement time series after other large
megathrust earthquakes, specifically the 2010 My, 8.8 Maule (Chile) and 2007
My, 8.0 Pisco (Peru) earthquakes (Bedford et al., 2016; Remy et al., 2016).
Malservisi et al. (2015), Dixon et al. (2014) and Voss et al. (2017) invert
GNSS time series into afterslip and slow-slip events (SSEs) after the much
smaller 2012 My, 7.6 Nicoya earthquake. They find that afterslip decays with
a dominant characteristic timescale of 70 days (Malservisi et al., 2015), after
which SSEs only occur later and outside of the coseismic rupture area. Rapid
relocking is thus not without support in previous research analyzing geodetic
observations.

From the perspective of fault friction theories, rapid relocking of a ruptured
fault asperity is compatible with the rate-and-state formulation (Dieterich,
1979; Ruina, 1983). In fact, if the asperity is understood as an unstably
sliding, rate-weakening portion of the fault, near-instantaneous relocking is
expected, as it immediately follows the end of the unstable sliding episode
that constitutes the earthquake. According to the common understanding of
rate-and-state fault friction and its role in earthquake cycle behavior, afterslip
and stable creep (i.e., a lack of interseismic coupling) occur outside of the
velocity-weakening, unstably sliding, seismogenic portion of the fault. This
behavior can be seen, for instance, in the synoptic model of Marone (1998),
the rupture simulation of Barbot et al. (2012) for part of the San Andreas
fault, and the sophisticated numerical model of postseismic relaxation after
the Tohoku earthquake of Muto et al. (2019).

Our model results indicate that near-trench landward postseismic motion
of the overriding plate is not produced by relocking the asperity at interme-
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diate depths (between 20 and 30 km below sea level), at which the Tohoku
earthquake rupture is thought to have nucleated (Chu et al., 2011; Agency,
2012; Freed et al., 2017). Instead, relocking the uppermost portion (above
20 km depth) is necessary and sufficient for producing landward postseismic
motion on the overriding plate, although with a smaller amplitude and spa-
tial extent than when the deeper asperity is also relocked. This finding is
based on our rather coarse examination, considering cumulatively all post-
seismic deformation during the first year after the earthquake and only one
depth limit between the shallow and deeper megathrust. However, it is con-
sistent with the results of more sophisticated simulations (Sun et al., 2014;
Sun and Wang, 2015; Yamagiwa et al., 2015; Freed et al., 2017; Noda et al.,
2018; Muto et al., 2019), when interpreting afterslip in terms of locking or
lack thereof. Our conclusions indicate that offshore geodetic observations can
detect the spatio-temporal evolution of megathrust relocking, which is rele-
vant for seismic hazard assessment and provides insights into the nature of the
shallow megathrust. Our work can thus be seen as a pilot study for the SZ4D
MegaArray initiative (McGuire et al., 2017).

Our results show a need for rapid relocking of the shallow megathrust to
produce landward postseismic motion offshore on the overriding plate. At the
same time, the rapidly relocked area of a fault is generally understood to be
a frictionally unstable interface. The most straightforward interpretation of
these two factors together suggests that the shallow megathrust in the Tohoku
region is a true asperity: unstably sliding, slipping coseismically and friction-
ally locked during the interseismic stage. This is in contrast with the conven-
tional expectation that the shallow megathrust be stably sliding and unlocked
interseismically (Tsuru et al., 2000; Loveless and Meade, 2010). This wisdom
was partly challenged by observations of unusually large slip hosted by the
shallow megathrust during the Tohoku earthquake (Meng et al., 2011). Her-
man et al. (2018) pointed out that slip deficit can accumulate on a low-friction
portion of the megathrust passively locked by the mechanical continuity of the
plates and the adjacent truly locked asperity, in a process they called pseudo-
coupling. Noda and Lapusta (2013) instead proposed a shallow megathrust
with frictional properties that allow it to be stably sliding interseismically and
still slip substantially coseismically in a dynamic rupture simulation. These
proposed mechanisms could reconcile stably sliding interseismic behavior with
large coseismic slip. Furthermore, it is unclear whether the behavior of the To-
hoku megathrust in the most recent earthquake reflects permanent frictional
properties of the megathrust, or whether these properties changed during the
last cycle.

In light of our model results, the rapid postseismic landward motion ob-
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served offshore the Tohoku earthquake suggests that the shallow megathrust
there behaved as a true asperity, at least during the last cycle, without requir-
ing the rupture to extend beyond the unstably sliding portion. This would
imply that the nature of the shallow megathrust has been misunderstood and
in fact resembles that of the deeper megathrust, despite the less consolidated
material and different ambient conditions at shallower depths. Alternatively,
the shallow megathrust could be stably sliding and have only hosted substan-
tial coseismic slip because of dynamic rupture effects and/or pseudo-coupling.
In this case, an explanation must be provided to explain sufficient coupling of
the shallow megathrust shortly after the earthquake as to produce postseismic
landward motion. In general, future research should use tailored numerical
models to test what degree of locking is compatible with the offshore postseis-
mic observations, considering different spatial and temporal distributions of
afterslip together with a realistic geometry and rheology.

The conclusion that rapid shallow megathrust relocking is needed to explain
the offshore postseismic GPS-A observations following the Tohoku earthquake
is in agreement with similar conclusions of rapid relocking drawn from onshore
GNSS observations for other earthquakes, such as the 2010 Maule and 2007
Pisco earthquakes (Bedford et al., 2016; Remy et al., 2016). This suggests
that rapid relocking is not restricted to a specific event or subduction zone.
Near-trench, postseismic geodetic observations should detect evidence of shal-
low megathrust relocking, if any, following earthquakes producing substantial
postseismic relaxation. However, a lack of postseismic landward motion, as
for the first year following the 2005 Miyagi earthquake (Sato et al., 2011b),
does not necessarily imply a general lack of relocking. In particular, the lack
of landward motion might be explained by locking being restricted to greater
depths (implying along-trench variations in the frictional character of the shal-
low megathrust). Alternatively, it might be due to the oceanward signal of deep
afterslip overcoming the small landward signal due to interplate convergence
in the absence of substantial viscous relaxation, as for the My, 7.2 Miyagi
event. Additionally, the interaction of afterslip distribution with the specific
local geometry might determine whether the limit of the landward signature
of deep afterslip occurs on the overriding plate, as proposed by Noda et al.
(2018).

Megathrust relocking, including at shallow depths, is needed to allow post-
seismic relaxation, which produce landward motion in the slab and sub-slab
mantle, to also affect the near-trench tip of the overriding plate. Offshore
postseismic observations can differentiate between a locked and unlocked shal-
low megathrust and provide evidence of very rapid (within two months) shal-
low relocking after the Tohoku event. Observations suggest that the shallow
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megathrust above 20 km depth in the Tohoku region behaves as an unstably
sliding asperity.
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4.5 Supporting Information

4.5.1 Introduction

This supplementary material contains a more detailed description of the nu-
merical modeling methodology used to produce the results shown in Section 4.2
(Section 4.5.2 and fig. 4.3), followed by additional visualizations (cross-sections
and map views) of the results of the same models described in Section 4.2.

4.5.2 Numerical modeling method
Geometry and rheology

The model geometry and treatment of boundaries and interfaces is shown in
Figure 4.3. The oceanic trench in the model is a straight line, at a depth of
12 km. The model geometry extends for 4,000 km in the trench-perpendicular
horizontal (z) direction (2,012 km landward, 1,988 oceanward of it), 3,000 km
in the trench-parallel (y) direction, and 338.4 km in the vertical (z) direc-
tion. The lateral dimensions were chosen so that boundaries and boundary
conditions do not affect the results in our region of interest. The depth extent
was chosen so as to include the low-viscosity upper asthenosphere, relaxation
within which drives the bulk of postseismic viscous relaxation after the 2011
Tohoku earthquake (Agata et al., 2019; Muto et al., 2019).
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The model domain includes two elastic plates—the downgoing plate, or
slab, and the overriding plate—and two viscoelastic asthenospheric domains—the
asthenospheric wedge and oceanic sub-slab asthenosphere. The overriding
plate is 40 km thick and horizontal, with its upper surface at elevation 0, ex-
cept for a linear taper down to the trench in 30 km of horizontal distance. The
downgoing plate is 80 km thick, consistent with the seismologically detected
depth of the lithosphere-asthenosphere boundary of various oceanic plates
(Kawakatsu et al., 2009; Kumar Kawakatsu, 2011). The downgoing plate
is flat for 2000 km of trench-perpendicular extent (-2000 km < z < -12 km),
with its upper surface at a depth of 5.7 km, consistent with the bathymetry
of the western Pacific (e.g., Group, 2022). Beginning 12 km oceanward of the
trench, the top of the slab follows a trench-perpendicular profile through the
Slab2 model (Hayes et al., 2018) across the Japan Trench.

For the sake of simplicity and to avoid having rheological complexity com-
plicate the interpretation of results, rheological properties are uniform through-
out the model. All material in the model has the same elastic parameters:
Young’s modulus E is 100 GPa, shear modulus G is 40 GPa, and Poisson’s
ratio v is 0.25. The asthenospheric subdomains have a Maxwell viscoelas-
tic rheology with a viscosity 1 of 1018 Pa - s during the last 200 timesteps (20
years) of the model (last postseismic phase) and 10*° Pa-s during the previous
3259 timesteps (3259 years). The value of 10'® Pa - s is generally consistent
with inversion results of postseismic surface displacement following the To-
hoku earthquake, although estimates vary substantially (Agata et al., 2019;
Muto et al., 2019; Cambiotti, 2020; Fukuda and Johnson, 2021). The higher
value of 10! Pa - s allows us to use a timestep size At an order of magnitude
greater (1 year) during model spin-up, and a smaller one as needed to accu-
rately simulate postseismic relaxation with a lower viscosity. The earthquake
recurrence interval for a single asperity is 300 years, while the time elapsed
between the last earthquake on any asperity and the next earthquake on the
middle asperity is 260 years. Given that the Maxwell relaxation time 7 = %
is 7.9 years for n = 10'? Pa-s, these time intervals are over 30 times (37.9 and
32.8, respectively) the relaxation time, ensuring the coseismic and postseismic
deformation of the earthquake we study (the last one in the model) are not
affected by the stress changes due to previous earthquakes (Govers et al., 2018;
Zhu et al., 2020; Wang et al., 2021).

Boundaries and interfaces

The megathrust interface between the two plates is included as a discrete
interface via the slippery node technique (Melosh and Williams, 1989). Five
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asperities on the megathrust are fully coupled (locked) by resisting tractions
during all stages of the earthquake cycle, except during the coseismic phase.
The rest of the megathrust interface is left free to slip at all times, unrestricted
by friction, consistently with observations (Scholz, 1998; Ikari et al., 2011;
Hardebeck, 2015), although the mechanical continuity of both plates restricts
slip in their vicinity (Almeida et al., 2018; Herman et al., 2018; Herman and
Govers, 2020).

Model deformation is ultimately driven by plate motion. Specifically, the
overriding plate and mantle wedge are restrained by a vertical free-slip bound-
ary condition applied at their landward, trench-parallel boundaries, while a
velocity boundary condition, directed downdip and with a magnitude of 90
mm - yr~!, is applied at the oceanward and bottom end of the slab. Free slip
boundary conditions are applied at all other boundaries (in the vertical direc-
tion at the oceanward boundary of the sub-slab mantle, in two directions on
the others), except for the free surface at the top.

The model asperities are rectangular in plan view, 50 km wide, centered 200
km along-trench from each other. Every asperity has a coseismic phase every
300 years. During the coseismic phase, the asperity is unlocked, removing the
resisting tractions that do not allow it to slip, and the megathrust slips as
much as needed to again achieve mechanical equilibrium due to the altered
force balance. All the slip deficit which is accumulated interseismically due to
locking of a single asperity and can be released by slip on the megathrust is
thus released during the coseismic phase of that asperity, to the extent that
other nearby asperities do not impede it. We focus on the earthquake and
postseismic deformation due to the unlocking of the central asperity, extending
horizontally from a distance of 3 km from the trench to 145 km from it. The
two intermediate and two external lateral asperities have their coseismic phases
20 and 40 years later, respectively, forming a 300-year supercycle. Periodic
unlocking allows the model to reach a steady state in which stresses do not vary
over a whole supercycle, as the model has spun up and developed background
stresses that are physically consistent with deformation. Model spin-up is
necessary with a viscoelastic rheology (Hetland and Hager, 2006, e.g., ).

The downdip continuation of the megathrust is the interface between the
slab and asthenospheric wedge. It is often viewed as a viscoelastic shear zone
(van Keken et al., 2002; Tichelaar and Ruff, 1993). We assume it to be freely
creeping interseismically, not slip coseismically, and host deep afterslip, which
is all afterslip in our model since slip deficit on the megathrust is released co-
seismically. We also assume afterslip to occur rapidly, faster than the timescale
of bulk viscous relaxation in the asthenosphere. We thus incorporate the shear
zone as a discrete interface and model afterslip as the slip on the interface that
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relaxes coseismic stress changes as much as possible when the shear zone is al-
lowed to slip, immediately after the coseismic phase, without increasing model
time. We allow afterslip at depths shallower than 80 km, consistently with
previous results (Diao et al., 2014; Sun et al., 2014; Yamagiwa et al., 2015; Hu
et al., 2016b; Freed et al., 2017).

The discrete contact between the slab and asthenospheric wedge beyond
80 km depth, like the discrete contact between the slab and sub-slab astheno-
sphere at all depths, is imposed to host differential motion at the constant
interplate convergence rate (90 mm - yr—!), driving the slab without allowing
afterslip. We thus exclude from the model the steady-state asthenospheric
viscous flow due to drag of the slab on the adjacent asthenosphere.

Finite element method

We use a finite element method (FEM) to solve the mechanical equilibrium
equations. The FEM software package GTECTON (version2021.0; Govers
et al., 2018; Govers and Wortel, 1993; Govers and Wortel, 2005) uses the
Portable, Extensible, Toolkit for Scientific Computation (PETSc,version 3.10.4;
Balay et al., 1997; Balay et al., 2021a; Balay et al., 2021b) and OpenMPI
(version 3.0.0; Gabriel et al., 2004) to solve the time-dependent problem in a
massively parallel fashion. GTECTON provides highly accurate solutions to
elastic and visco-elastic problems with arbitrary geometries, a true free surface,
and discrete/sharp fault interfaces.

The models have a tetrahedral finite element mesh with a variable resolu-
tion, with nodes as little as 4 km apart in high-strain areas (close to the edges of
the megathrust and asperities). Each model includes 789,926 nodes arranged
in 4,483,391 elements. Posterior estimates of the model error (Verfiirth, 1994)
show that the selected mesh is dense enough to support our conclusion that
our results are accurate within a few %.

Each model includes 3259 time steps with a size (At) of 1 year, corre-
sponding to an initial period of 259 years (before the first coseismic phase)
and 10 300-years earthquake cycles (minus one year), followed by 200 addi-
tional timesteps with a size of 0.1 years. During each coseismic phase and
each afterslip phase, 10 consecutive iterations are performed to mechanically
re-balance the system. After model spin-up (roughly 7 cycles), earthquake
cycles are near-identical. There is a difference in surface displacement of less
than a few mm between equivalent stages of one cycle and the preceding or
following one, while 27 m of interplate convergence occurs over a cycle. We
show results from the last postseismic period, specifically the last afterslip
phase and the period with At = 0.1 years and 1 = 10'° Pa - s.
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The models are run in parallel on 10 AMD EPYC 7451 24-core pro-
cessors with Infiniband, using a Broyden—Fletcher—Goldfarb—Shannon solver
(Fletcher, 1988).

4.5.3 Additional Figures
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Figure 4.3 Schematic representation of the model domain with its geometry, spatial
extent, coordinate system, main mechanical properties, and the applied boundary
conditions.
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Figure 4.4 The whole asperity relocks instantly after the earthquake (same model
as in Figure 4.2). Cross-section through the middle of the model and of the central
asperity (y = 0). Colors show the cumulative trench-perpendicular horizontal post-
seismic displacement 1 year after the earthquake, assuming afterslip has ceased by
then and including steady-state plate convergence. Arrows show the displacement
direction in the plane of the figure (vertical, z—z plane). The orange line shows the
along-dip extent of the part of the asperity that relocks, which consists of the whole
asperity.
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Figure 4.5 No part of the asperity relocks after the earthquake. The overall pattern
of motion is similar to the fully relocked case (Figure 4.2), but with entirely ocean-
ward motion in the tip of the overriding plate and greater landward motion in the
immediately underlying portion of the slab (cf. Figures 4.4 and 4.6). Colors show
cumulative horizontal postseismic surface displacement during the 1 year after the
earthquake, including afterslip and 1 year of viscous relaxation. Graphical choices
are the same as in Figure 4.2b.

184



Supporting Information

z [km]

O : S—— “\
~100 ~ |
—200 !
-300] e C L |

600 —400 ~200 0 200

X [km]

-70 -56 -42 -28 -14 00 14 28 42 56 70

Displacement along x

Figure 4.6 No relocking after the earthquake (same model as in Figure 4.5). Cross-
section through the middle of the model and of the central asperity (y = 0). Colors
show the cumulative trench-perpendicular horizontal postseismic displacement 1 year
after the earthquake, assuming afterslip has ceased by then and including steady-
state plate convergence. Arrows show the displacement direction in the plane of the
figure (vertical, z—z plane). The red line shows the along-dip extent of the asperity.
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Figure 4.7 Only the deep portion of the asperity (at more than 20 km depth
from the surface) relocks after the earthquake. Colors show cumulative horizontal
postseismic surface displacement during the 1 year after the earthquake, including
afterslip and 1 year of viscous relaxation. Graphical choices are the same as in
Figure 4.2b.
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Figure 4.8 Only the deep positions of the asperity (beyond 20 km depth from the
surface) relocks after the earthquake (same model as in Figure 4.7). Deep relock-
ing produces a zone of reduced displacement immediately around it, while motion
at the surface of the overriding plate is entirely landward. Cross-section through
the middle of the model and of the central asperity (y = 0). Colors show cu-
mulative trench-perpendicular horizontal postseismic displacement 1 year after the
earthquake, assuming afterslip has ceased by then and including steady-state plate
convergence. Arrows show the displacement direction in the plane of the figure (ver-
tical, z—z plane). The red line shows the along-dip extent of the part of the asperity
that does not relock. The orange line shows the extent of the part of the asperity
that relocks.
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Figure 4.9 Only the shallow portion of the asperity (at less than 20 km depth
from the surface) relocks after the earthquake. Colors show cumulative horizontal
postseismic surface displacement during the 1 year after the earthquake, including
afterslip and 1 year of viscous relaxation. Graphical choices are the same as in
Figure 4.2b.
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Figure 4.10 Only the shallow positions of the asperity (above 20 km depth from
the surface) relocks after the earthquake (same model as in Figure 4.9). Deep relock-
ing produces a zone of reduced displacement immediately around it, while motion
at the surface of the overriding plate is entirely landward. Cross-section through
the middle of the model and of the central asperity (y = 0). Colors show cu-
mulative trench-perpendicular horizontal postseismic displacement 1 year after the
earthquake, assuming afterslip has ceased by then and including steady-state plate
convergence. Arrows show the displacement direction in the plane of the figure (ver-
tical, z—z plane). The red line shows the along-dip extent of the part of the asperity
that does not relock. The orange line shows the extent of the part of the asperity
that relocks.
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Summary

This thesis focuses on deformation associated with the megathrust earth-
quake cycle, which produces the largest earthquakes on Earth and is a key com-
ponent of plate tectonics. Chapter 1 retraces the development of the current
understanding of the megathrust earthquake cycle in the scientific literature.
This understanding includes two largely elastic plates, one subducting beneath
the other, overlying viscoelastic asthenospheric mantle. The plates accumu-
late strain during the near—steady state interseismic stage of the cycle due to
locking of a portion of the megathrust that separates them. This strain is, to
a first approximation, entirely released during the earthquake and following
rapid postseismic relaxation, consisting mainly, although not solely, of after-
slip and viscous flow. This understanding was built through several decades of
seismological and, crucially, geodetic observations, together with various inter-
pretations made possible by technical advances in, and clever applications of,
physics-based models. Models, in this context, are systems or procedures that
link properties and structures to observable quantities, and are crucial to in-
terpreting observed deformation at subduction zones in terms of the processes
and materials in the inaccessible subsurface. However, given the complexity
of the Earth system, different models can approximate the same observations
roughly equally well. Furthermore, more sophisticated models that can better
approximate observations do not necessarily reflect better the processes and
properties of the subsurface, but, at the same time, simpler models that can
explain some observations do not necessarily reflect the key processes occur-
ring throughout the earthquake cycle or over different cycles. This thesis aims
to use relatively simple three-dimensional models that still capture the key
processes occurring during repeated earthquake cycles, without attempting
to reproduce the specific structure or properties of specific subduction zones,
to address and examine possible explanations of geodetic observations from
global navigation satellite systems (GNSSs) at different stages of the megath-
rust earthquake cycle.

Chapter 2 focuses on the interseismic, horizontal deformation of the over-
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riding plate, which is in apparent contrast with observations of far-reaching
coseismic displacement. We estimate the spatial patterns of GNSS velocities in
South America, Southeast Asia, and northern Japan and the associated uncer-
tainties. Interseismic velocities with respect to the overriding plate generally
decrease with distance from the trench with a steep gradient up to a “hurdle”,
beyond which the gradient is distinctly lower and velocities are small. The hur-
dle is located 500-1000 km away from the trench for the trench-perpendicular
velocity component, and either at the same distance or closer for the trench-
parallel component. We formulate and test the hypothesis that both the in-
terseismic hurdle and the coseismic response result from a mechanical contrast
in the overriding plate. Our models show a response similar to the interseis-
mic and coseismic observations for a compliant near-trench overriding plate
and an at least 5 times stiffer overriding plate beyond the contrast. The re-
sults suggest that hurdles are more prominently expressed in observations near
strongly locked megathrusts. Previous studies inferred major tectonic or ge-
ological boundaries and seismological contrasts located close to the observed
hurdles in the studied overriding plates. The compliance contrast probably
results from thermal, compositional and thickness contrasts and might cause
the observed focusing of smaller-scale deformation like backthrusting.

Chapters 3 and 4 focus on the horizontal velocities observed after large
megathrust earthquakes. Chapter 3 is concerned with the greater landward
velocities, compared to before the earthquake, that were recorded onshore
after 6 megathrust earthquakes in subduction zone regions adjacent to the
ruptured portion. Previous explanations invoked either increased slip deficit
accumulation or plate bending during postseismic relaxation, with different
implications for seismic hazard. We investigate whether bending can be ex-
pected to reproduce this observed enhanced landward motion (ELM). We find
that afterslip downdip of the brittle megathrust exclusively produces enhanced
trenchward surface motion in the overriding plate. Viscous relaxation produces
ELM when a depth limit is imposed on afterslip. This landward motion re-
sults primarily from in-plane elastic bending of the overriding plate due to
trenchward viscous flow in the mantle wedge near the rupture. Modeled ELM
is, however, incompatible with the observations, which are an order of mag-
nitude greater and last longer after the earthquake. This conclusion does not
significantly change when varying mantle viscosity, plate elasticity, maximum
afterslip depth, earthquake size, megathrust locking outside of the rupture, or
nature and location of relevant model boundaries. The observed ELM conse-
quently appears to reflect faster slip deficit accumulation, implying a greater
seismic hazard in lateral segments of the subduction zone.

In Chapter 4, we study postseismic landward motion observed, especially
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offshore on the overriding plate, the section of the subduction zone that hosted
a large megathrust earthquake. Geodetic observations reflect multiple post-
seismic processes, including megathrust relocking. The timing of relocking
and the observational constraints on it are unclear. Relocking was inferred to
explain some observed landward motion that occurs within months. It was
also considered unable to explain other, greater landward motion, including
that off the coast of Japan beginning weeks after the 2011 Tohoku earthquake,
attributed to postseismic relaxation. We argue that relocking, particularly of
the shallow interface, is needed for postseismic relaxation to produce landward
motion on the tip of the overriding plate. We discuss how that this finding
is consistent with previous simulations that implicitly relock the megathrust
where afterslip is not included. We conclude that the Tohoku megathrust re-
locked within less than two months of the earthquake. This suggests that the
shallow megathrust probably behaves as a true, unstably sliding asperity.
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Samenvatting

Dit proefschrift gaat over de oorzaken van bodembewegingen die rondom
zogenaamde subductiezones worden gemeten. Bij een subductiezone schuift
een tektonische plaat onder een andere, en zinkt vervolgens in de diepere
visco-elastische mantel. Op het breukvlak tussen de twee platen vinden de
allerzwaarste aardbevingen plaats. GNSS-metingen laten zien dat de aardkorst
ineens met vele meters kan bewegen tijdens deze aardbevingen (“co-seismisch”),
en met millimeters per jaar gedurende de eeuwen tussen opeenvolgende aard-
bevingen (“inter-seismisch”).

Hoofdstuk 1 beschrijft de ontwikkeling van de huidige kennis van de aard-
bevingscyclus in de wetenschappelijke literatuur. Deze kennis begrip is opge-
bouwd door tientallen jaren van vooral seismologische, geodetische en ge-
ologische waarnemingen in combinatie met natuurkundige modellen. Mod-
ellen zijn systemen of procedures die eigenschappen en structuren koppelen
aan waarneembare grootheden. In dit proefschrift richten we ons op het
omgekeerde, identificatie de processen en materiaaleigenschappen in de on-
toegankelijke ondergrond die de observaties veroorzaken. We gebruiken hier-
voor driedimensionale modellen waarin alleen de meest relevante processen zijn
opgenomen. Regionaal detail in de aardstructuur en gesteente eigenschappen
van specifieke subductiezones laten we hierbij achterwege om de oorzaken van
wereldwijd waargenomen bodembewegingen te onderzoeken, met nadruk op
natuurkundige consistentie in verschillende stadia van de aardbevingscyclus.

In Hoofdstuk 2 onderzoeken we horizontale deformatie van de overrijdende
plaat. Het idee van de aardbevingscyclus is dat de netto deformatie na een
hele cyclus ongeveer nul is. Geodetische waarnemingen suggereren echter dat
de deformatie beperkt is tot ongeveer 700 km van de oceanische trog, terwijl
de verplaatsingen na zeer grote aardbevingen duizenden km ver reikten. Eerst
kwantificeren we ruimtelijke patronen van inter-seismische GNSS-snelheden in
Zuid-Amerika, zuidoost Azié en noord Japan en de bijbehorende onzekerhe-
den. Landwaartse snelheden ten opzichte van de stabiele overrijdende plaat
nemen snel af met toenemende afstand vanaf de trog met een steile gradiént tot

194



Supporting Information

aan een "hindernis". Voorbij deze hindernis zijn de snelheden klein en vrijwel
constant. Voor de trog-loodrechte snelheidscomponent bevindt de hindernis
zich op 500-1000 km afstand van de trog, en op dezelfde afstand of dichterbij
voor de trog-parallelle component. We formuleren en testen de hypothese dat
zowel de inter-seismische hindernis als de co-seismische respons het gevolg zijn
van een mechanisch contrast in de overheersende plaat. Onze modellen laten
een respons zien die vergelijkbaar is met de inter- en coseismische waarnemin-
gen voor een overrijdende plaat met een elasticiteitscontrast van minimaal 5.
De resultaten suggereren dat hindernissen prominenter tot uiting komen in
GPS waarnemingen in de buurt van sterk vergrendelde subductie contacten.
Vergelijking met geologische gegevens suggereert dat mechanische contrasten
het gevolg zijn van contrasten in geotherm, samenstelling, en/of plaatdikte.

Hoofdstuk 3 draait om recente publicaties waarin GNSS-metingen wer-
den geinterpreteerd die werden opgenomen direct na de grootste aardbevingen
zoals de Tohoku-oki aardbeving van 2011 in Japan. Doel van het onderzoek
was vooral om één van deze interpretaties te toetsen met eindige-elementen-
modellen. Deze interpretatie suggereerde dat de metingen veroorzaakt waren
door elastisch buigen van de overrijdende plaat. Onze modelresultaten laten
inderdaad zien dat deze plaat buigt, maar ruim onvoldoende om de waarne-
mingen te kunnen verklaren. Met dit resultaat zijn de twee andere hypotheses,
versneld zinken van de subducerende plaat of verandering van de wrijving op
het plaatcontact, aannemelijker geworden.

In Hoofdstuk 4 bestuderen we postseismische landwaartse bewegingen die
zijn waargenomen, met name voor de kust op de overheersende plaat, het deel
van de subductiezone waar een grote megathrust-aardbeving plaatsvond. We
maakten daarvoor vooral gebruik van heel bijzondere metingen, namelijk die
van GNSS-stations op de zeebodem bij Japan. Zo ontdekten we dat de plaat-
grensbreuk die losschoot tijdens de aardbeving binnen twee maanden alweer
op vast kwam te zitten. Dit was tot nu toe onbekend. Uit onze analyse blijkt
dat vooral het meest ondiepe deel van de plaatgrensbreuk weer vastzit - juist
het deel dat destijds de enorme tsunami veroorzaakte. De opbouw naar alweer
de volgende aardbeving en tsunami is dus vrijwel direct weer begonnen. Nu, in
april 2023, is er al genoeg spanning opgebouwd voor een meter breukbeweging,
en dat gaat in de nabije toekomst alleen maar meer worden. Dit suggereert
dat het ondiepe plaatcontact zich gedraagt als voorspeld voor een frictionele
instabiliteit.
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