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S U M M A R Y 

We aim to better understand the overriding plate deformation during the megathrust earthquake 
cycle. We estimate the spatial patterns of interseismic GNSS velocities in South America, 
Southeast Asia and nor ther n Japan and the associated uncertainties due to variations in network 

density and observation uncertainties. Interseismic velocities with respect to the overriding 

plate generally decrease with distance from the trench with a steep gradient up to a ‘hurdle’, 
bey ond w hich the gradient is distinctly lower and velocities are small. The hurdle 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. Significant coseismic 
displacements were observ ed be yond these hurdles during the 2010 Maule, 2004 Sumatra–
Andaman, and 2011 Tohoku earthquakes. We hypothesize that both the interseismic hurdle and 

the coseismic response result from a mechanical contrast in the overriding plate. We test our 
h ypothesis using ph ysically consistent, generic, 3-D finite element models of the earthquake 
cycle. Our models show a response similar to the interseismic and coseismic observations 
for a compliant near-trench overriding plate and an at least five times stiffer overriding plate 
beyond the contrast. The model results suggest that hurdles are more prominently expressed 

in observations near strongly locked megathrusts. Previous studies inferred major tectonic 
or geological 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. 

Key words: Satellite geodesy; Seismic cycle; Continental mar gins: cover gent; Rheology: 
crust and lithosphere; Subduction zone processes. 
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 I N T RO D U C T I O N  

he great megathrust earthquakes of the previous decades hap-
ened after or during the deployment of continuous geodetic net-
orks. Many studies focused on constraining the coseismic fault

lip during these earthquakes by combining geodetic with seismo-
o gical observ ations (e.g. Simons et al. 2011 ; Vigny et al. 2011 ).
ost-seismic processes like relocking, afterslip and viscoelastic flow
tarted to become apparent in the geodetic measurements shortly
fter these events and continue today, spawning a rich variety of
tudies that cast new light on processes and rheological properties. 

The first earthquake that revealed the widespread extent of co-
eismic deformation via satellite geodesy was the M w 9.2 2004
umatra–Andaman earthquake. Remarkably, coseismic displace-
ents were recorded at GNSS stations more than 3000 km away
C © The Author(s) 2023. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License ( h
permits unrestricted reuse, distribution, and reproduction in any medium, provided
rom the megathrust (Vigny et al. 2005 ). Similarly, GNSS stations
ar into the South American continent recorded displacement due to
he M w 8.8 2010 Maule (Chile) earthquake as far as 1700 km from
he trench (Fig. 1 ; Pollitz et al . 2010 ). Likewise, Wang et al. ( 2011 )
bserved significant coseismic static offsets up to 2500 km away
rom the epicentre following the M w 9.0 2011 Tohoku earthquake. 

Strain that has accumulated during interseismic periods (mostly)
ecovers during large megathrust earthquakes and resulting post-
eismic relaxation (e.g. Wang et al. 2012 ) and, in at least some
ases, also in slow-slip events (SSEs; e.g. Dixon et al. 2014 ; Protti
t al. 2014 ; Voss et al. 2017 ). Several studies have focused on deter-
ining the interseismic megathrust locking pattern and correlating

t to the coseismic slip pattern (e.g. Moreno et al. 2010 ; Loveless
 Meade 2011 ; Protti et al. 2014 ; Malservisi et al. 2015 ; Nocquet

t al. 2017 ). Observed interseismic velocities (relative to a stable
oyal Astronomical Society. This is an Open Access 
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Figure 1. Horizontal coseismic displacements observed at GNSS sites during the 2010 Maule ear thquake. Obser vations are sourced from Delouis et al. ( 2010 ), 
Lin et al. ( 2013 ) Moreno et al. ( 2012 ), Tong et al. ( 2010 ) and Vigny et al. ( 2011 ). 
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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 kilometres from the trench (e.g. Drewes & Heidbach 2012 ; Si- 
mons et al. 2007 ; Kreemer et al. 2014 ; McKenzie & Furlong 2021 ), 
compared to deformation due to the largest megathr ust ear thquakes. 
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 & Klotz 2003 ; Nocquet et al. 2014 ; McFarland 
et al. 2017 ). 

Explanations of the observ ations v ary. The decrease in interseis- 
mic velocities with increasing distance from the trench can often be 
reproduced using a model with a (partly) locked megathrust fault 
in an elastic half-space (Chlieh et al. 2008 ; Ruegg et al. 2009 ; Liu 
et al. 2010 ; M étois et al. 2012 ). For parts of the South American 
Plate, Norabuena et al. ( 1998 ) pointed out that interseismic strain 
accumulation is higher farther inland than could be explained by 
megathrust locking in a fully elastic Earth. Studies focusing on the 
Central Andes (Norabuena et al. 1998 ; Bevis et al. 2001 ; Brooks 
et al. 2003 ; McFarland et al. 2017 ; Shi et al. 2020 ) therefore adopted 
a seismicall y acti v e backthrust to e xplain the observ ed 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 (M étois 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 accumula- 
tion are commonly based on fully elastic models, in which overrid- 
ing plate velocities decrease rapidly with distance from the trench. 
Post-seismic stress relaxation demonstrates however that the as- 
thenosphere 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 behaviour with 
strain accumulation that is more concentrated in the near-trench re- 
gion (Trubienko et al. 2013 ; Li et al. 2015 , 2020 ; Shi et al. 2020 ). 
Lower model viscosities result in interseismic velocities that re- 
main significant up to thousands of kilometres into the overriding 
plate. To match the observed interseismic velocities with their vis- 
coelastic models, Trubienko et al. ( 2013 ) and Li et al. ( 2015 ) use 
long-term (Maxwell) viscosities ef fecti vel y in the range of 4.0–5.1 
× 10 19 Pa ·s when accounting for the use of plane-strain 2-D mod- 
els on the relaxation timescale (Melosh & Raefsky 1983 ). These 
values are well beyond the high end of the range of estimates 
of asthenospheric wedge viscosities (4.0–10 × 10 18 Pa ·s) from 
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ecent studies of post-seismic viscous relaxation (Hu & Wang 2012 ;
roerse et al. 2015 ; Klein et al. 2016 ; Li et al. 2018 ; Qiu et al.
018 ; Agata et al. 2019 ; Muto et al. 2019 ; Fukuda & Johnson 2021 ;
ee Section 5.2 ). 

The South American margin has played a significant role in the
evelopment of ideas about interseismic strain accumulation be-
ause of the presence of an e xtensiv e continental plate interior. In
ther subduction zones, the gradient of interseismic velocities is also
bservable over a wide distance, although the view is fragmented
ecause of offshore regions with no GNSS observations (Figs 2 , 3 ).
nterseismic velocities in Sumatra before the 2004 earthquake show
 distinct decrease with distance from the trench (Prawirodirdjo
t al. 1997 ; Simons et al. 2007 ), even though the trench-parallel
otions are strongl y af fected b y the Sumatran Fault (Genrich et al.

000a ). Similarl y, landw ard velocities in nor ther n Honshu (Japan)
nd Hokkaido, recorded before the 2003 Tokachi and 2011 Tohoku
arthquakes (Sagiya et al. 2000 ), show a steep decrease with dis-
ance from the trench. More significant difficulties in observing the
nterseismic velocity gradient arise in other subduction margins like
ascadia, where other tectonic processes overprint the interseismic

ocking signal, like the Mendocino Crustal Conv e yor (Furlong &
overs 1999 ) and the northward migration of the Sierra Ne v ada-
reat Valley block (Williams et al. 2006 ). In southern Honshu and
hikoku, strain rates due to convergence on the Japan trench and
ankai trench are superimposed, which makes it difficult to isolate

he far-field interseismic velocity pattern. As discussed in Govers
t al. ( 2018 ), continental Alaska shows continuing post-seismic
elaxation following the 1964 Prince William Sound earthquake.
or these reasons, we focus on re gions which, although e xhibit-
ng tectonic complexities, show identifiable signatures of interplate
onvergence and megathrust locking and for which data unaffected
y post-seismic relaxation are available: South America, Sunda and
or ther n Japan. 

In this study, we address the apparently contrasting geodetic
bservation that interseismic deformation of the overriding plate
ocuses within several hundreds of kilometres from the trench,
hereas coseismic strain release e xtends ov er much greater dis-

ances. We observe a break in the slope of trench-parallel and trench-
erpendicular velocity components as a function of trench distance,
hich we refer to as a hurdle. Long-lived subduction tectonically

ccretes blocks and deforms the overriding plate, by an amount that
epends on existing lithospheric compliance contrasts (Mouthereau
t al. 2013 ; Pearson et al. 2013 ). These compliance contrasts, inher-
ted and resulting from tectonic rejuvenation, remain visible today
s significant contrasts in the ef fecti ve elastic thickness of the litho-
phere (Watts 2015 ) that correlate with tectonic boundaries between
ifferent blocks (Watts et al. 1995 ; Ste w art & Watts 1997 ). Con-
ergent deformation, including backthrusts, likely localizes at these
aturally occurring contrasts. Here we consider the possibility that
hese lateral contrasts cause the hurdle-like behaviour of the over-
iding plate. Because of our context of the earthquake cycle we
onsider contrasts in elastic properties. 

Our study consists of two main elements: mapping the patterns of
nterseismic velocities, and interpreting interseismic velocity gra-
ients in terms of mechanical contrasts. We characterize the spatial
attern of horizontal interseismic surface motion along the South
merica Trench, the Sunda Trench and Japan Trench based on

v ailable observ ations (Section 2 ). Near-trench regions are typ-
cally (much) more densely instrumented than intermediate and
ar-field regions, and interseismic velocities of benchmarks have
ariable uncertainties. We account for how these factors propagate
nto uncertainties in the interpolated velocity fields. We estimate
he approximate location of the hurdle, the dominant break in the
lope of interseismic velocities, and discuss its significance. 

To test our hypothesis that hurdle-like behaviour is related to
lastic contrasts in the overriding plate, we construct a 3-D vis-
oelastic numerical model (Section 3 ), analyse our model results
nd their robustness (Section 4 ). Next, we discuss their significance
nd possible interpretations in the context of other proposed causes
Section 5 ). We conclude (Section 6 ) that a mechanical contrast in
he overriding plate, with a more compliant near-trench region and
 less compliant far-field region, is a likely candidate for explain-
ng both the interseismic and coseismic observations in the three
nalysed subduction zones. 

 A NA LY S I S  O F  I N T E R S E I S M I C  

E L O C I T Y  O B S E RVAT I O N S  

.1 Data selection 

e compile pre viousl y published horizontal velocities along three
onver gent mar gins with abundant interseismic GNSS observations:
he Peru–Chile Trench (South America; Kendrick et al. 2001 ; Klotz
t al. 2001 ; Brooks et al. 2003 , 2011 ; Chlieh et al. 2004 ; Gagnon
t al. 2005 ; Ruegg et al. 2009 ; Seem üller et al. 2010a ; M étois
t al. 2012 , 2013 , 2014 ; Drewes & Heidbach 2012 ; Nocquet et al.
014 , 2014 ; Alvarado et al. 2014 ; Blewitt et al. 2016 ; Weiss et al.
016 ; McFarland et al. 2017 ; Klein et al. 2018a ), the Sunda Trench
Sumatra and Java, Indonesia; Genrich et al. 2000a ; Bock et al.
003 ; Simons et al. 2007 ; Chlieh et al. 2008 ; Prawirodirdjo et al.
010 ; Kreemer et al. 2014 ; Koulali et al. 2017 ) and the Japan Trench
Sagiya et al . 2000 ; Apel et al. 2006a ; Jin & Park 2006 ; Liu et al.
010 ; Nishimura 2011 ; Shestakov et al. 2011 ; Ohzono et al. 2011 ;
oshioka & Matsuoka 2013 ; Kreemer et al. 2014 ; Freed et al. 2017 ).
o prevent contamination by post-seismic velocities that are ocean-
ard and opposite to landward interseismic velocities, we exclude
elocities based on observations following significant ( M w ≥ 7 . 5 )
arthquakes in the trench-perpendicular sector of the subduction
one where the megathrust event occurred (see Fig. 2 ), unless the
ublished velocities were explicitly corrected for post-seismic tran-
ients. Please refer to the Tables S1–S3 for more details on the
bservation period of data sources and possible post-seismic cor-
ections. We use velocities expressed in the global reference frame
TRF (Altamimi et al. 2011 ). For the majority of our data sources
e make use of the velocity tables from Kreemer et al. ( 2014 ),
ho have estimated a translation rate and rotation rate for each
ublished set of velocities to express velocities in the same IGS08
eference frame (the IGS realization of ITRF2008; Rebischung et al.
012 ). We feature velocities expressed in ITRF2005, ITRF2008 and
TRF2014; differences resulting from these different realizations
re well below the 1 mm yr −1 level (M étivier et al. 2020 ). We also
nclude velocities from Weiss et al. ( 2016 ), which are only provided
n a self-determined, non-explicit South America reference frame.
o wever , biases because of different reference frames are small:

he mean difference in velocities between those of Weiss and the
outh America far-field velocities of Blewitt et al. ( 2016 ) is below
.2 mm yr −1 . 

Subsequently, we transform ITRF-expressed velocities to the
verriding plate reference. For the sites in South America and Japan
e apply the South America and Okhotsk Euler poles, respectively,
f Kreemer et al. ( 2014 ). For Sumatra we make use of the Sunda
uler pole of Simons et al. ( 2007 ), who identify Sundaland as a
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Figure 2. Interseismic GNSS data that we use in our study re gions. P anels 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 ) (Japan). Red stars show epicentres of earthquakes ( M w ≥ 7 . 5 ) that affect our data selection as follows. In each segment of the subduction zone 
that hosted such earthquake, we discard all velocities based on observations taken after the event, unless the v elocities hav e been explicitly corrected for 
post-seismic transients (see Tables S1–S3). Specifically, we exclude data in the region affected by coseismic displacements and post-seismic transients in the 
trench-perpendicular area behind the coloured sections of the trench. In South America, we thus exclude all data after the 1995 Antofagasta earthquake, as 
there is no pre-earthquake GNSS data av ailable. Similarl y, we exclude all post-2011 Tohoku data in Japan. Velocities increase towards the west in southwest 
Hokkaido likely due to post-seismic relaxation after the 1993 Hokkaido Nansei earthquake (Ueda et al. 2003 ), which is why we 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 and 1500 km for events larger than M w ≥ 8 . 7) , 
which we apply to data collected after the events. Grey lines show the conformal grid that we use to identify trench-perpendicular/parallel directions. 
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coherent block moving independently of the South China block far- 
ther nor th. More infor mation about data sources is available in Text 
S1 and Tables S1, S2 and S3. 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 Velocity decomposition into trench-perpendicular and 

-parallel components 

We define a conformal projection using a Schw arz-Christof fel map 
(Driscoll 2002 ) to identify trench-perpendicular and trench-parallel 
directions in our study areas. This produces a coordinate system that 

art/ggad262_f2a.eps
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Figure 2. Continued. 
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moothl y grades, from precisel y aligned (parallel and perpendicu-
ar) to the trench at the trench, to aligned with the broad regional
rend of the trench in the plate interior. From the mathematical map-
ing of geographical coordinates into local trench-perpendicular
nd -parallel coordinates we derive the angles between the two or-
hogonal coordinate systems at an arbitrary location, allowing us to
ompute the trench-perpendicular and trench-parallel components
f each velocity vector. Figs S1–S3 coordinate grid into geograph-
cal coordinates (also shown in Fig. 2 ) and the decomposition of
he velocities in locally trench-parallel and trench-perpendicular
omponents. 

.3 Interpolation of the decomposed velocity fields 

ost geodetic studies of GNSS interseismic deformation have fo-
used on the deforming zones close to the margin for the purpose of
stimating megathrust locking. In most regions, GNSS stations are
ne venl y distributed, much more densely in near-trench areas than
arther away from the trench, in the far-field plate interior that is
sed as the stable reference. To obtain homo geneousl y distributed
elocity amplitudes and estimate the location of velocity gradi-
nt discontinuities, we separately interpolate the observed trench-
erpendicular and trench-parallel velocity components. We account
or the propagation of obser vational uncer tainty and for the poten-
ial velocity variability in between observation sites in the following
ay. We interpolate the velocities and estimate uncertainties using
rdinary kriging (Wackernagel 2003 ), a weighted mean method that
elies on the statistics of the observed data. The mean, variance and
orrelation of the velocity field are spatially heterogeneous, so we
efine natural neighbourhoods to construct correlograms that de-
cribe the local variability of the velocity field (Broerse et al., in
rep.; Machuca-Mory & Deutsch 2013 ; Fouedjio & S éguret 2016 ).
e specifically account for the curvature of the Earth in the com-

utation of distances and the choice of covariance models in the
riging procedure. Further technical details are in Text S1 and Figs
1–S12. 
The uncertainties we compute for our interpolated velocity field

eflect both the uncertainty of velocity observations (i.e. data un-
ertainty) and the expected variance of the velocity field between

art/ggad262_f2b.eps
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Figure 2. Continued. 
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observation points. Figs S10–S12 show that uncertainties of the 
interpolated velocity field are small in regions with little variabil- 
ity in observed velocities, but increase substantially with distance 
from observation points in regions where observed velocities vary 
significantly in between observation points. 

2.4 Estimation of the hurdle location 

The hurdle constitutes the main discontinuity in velocity gradients 
separating the interseismically deforming margin from the stable in- 
terior. We use the gridded interpolated velocity fields together with 
their uncertainty estimates to estimate the hurdle location as func- 
tion of distance from the trench. First, we take trench-perpendicular 
profiles, which are equidistant at the trench, through the 2-D in- 
terpolated field, 277 in total for South America, 64 for Sunda and 
51 for Japan. Subsequently, we fit a piece-wise continuous function 
consisting of two linear segments to the velocity as function of dis- 
tance along the profile. We use weighted non-linear least squares 
with a Trust Region algorithm, using as weights the inverse of vari- 
ances from the kriging. The junction between the two segments, 
located in the fitting process, constitutes the hurdle. We propagate 
the velocity uncertainties to the uncertainties of the hurdle loca- 
tion, approximated by linearization of the non-linear problem ( cf . 
Text S1). Figs 3 –5 show maps of our estimated hurdle locations 
for each of the subduction zones and selected trench-perpendicular 
profiles of interpolated velocities with their uncertainties, nearby 
GNSS observations, and hurdle locations. 

art/ggad262_f2c.eps
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Figure 3. Estimated hurdle locations in South America. The maps show interpolated interseismic velocity components (colours, mm yr −1 ) and the 95 per cent 
confidence interval of the location of the hurdle in gre y. Activ e faults (Styron & Pagani 2020 ) are shown in green; on the left, we show trench-perpendicular 
v elocities (positiv e landward), and on the right trench-parallel velocities (positive left-lateral). In both map panels, circles represent GNSS station locations, and 
their fill colour 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 below 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 1–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 coloured bands outline estimated hurdle distances with 95 per cent confidence intervals. 
Video S1 shows trench-perpendicular cross-sections along the entire margin. 
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.5 Data analysis results 

igs 3 –5 show the interpolated velocity fields and hurdle locations,
ogether with velocities along select trench-perpendicular profiles.
dditional velocity profiles, all along the three subduction zones,

re shown in animations in Videos S1–S3. Both velocity compo-
ents decrease steeply with distance from the trench up to a hurdle,
ehind which a far-field region starts with low velocity amplitudes
nd gradients. The hurdle location can be constrained best when
oth the velocity uncertainties are small and there exists a strong
iscontinuity between the near-field and far-field velocity gradient.
rench-perpendicular velocities in particular show a steep near-

rench decrease, except above sections of the megathrust that are
ot locked over an extensive trench-parallel distance. Such unlocked
ortions of the subduction interface are characterized by low in-
erseismic velocity magnitudes (e.g. Matsu’ura & Sato 1989 ), for
xample in nor ther n Per u (4–9 ◦S; Nocquet et al. 2014 ; Her man &
overs 2020 ) and Java (Koulali et al. 2017 ). Trench-parallel veloci-

ies show a more complex behaviour, particularly where the conver-
ence obliquity changes direction (inverting the sign of near-trench
rench-parallel velocities) and forearc slivers have been suggested
o exist (Nocquet et al. 2014 ; M étois et al. 2016 ; Herman & Gov-
rs 2020 ). Nevertheless, trench-parallel velocities in South America
lso generally decrease steeply with distance from the trench and
uggest a hurdle, beyond which amplitudes are near-zero and the
lope is very shallow (Video S1). 
In South America, we can identify the trench-perpendicular hur-
le as the location of the transition between rapid near-trench decay
nd the other , shallo wer slope in the far-field. Along the margin, the
urdle location can generally be estimated reliably, as observations
onstrain the decrease from large near-trench to low plate interior
elocities, within uncertainty bounds (Fig. 3 ) . The hurdle is located
t distances from the trench varying between 400 and 1000 km,
xcept for the section of subduction zone with weakly coupled
egathr ust in Nor ther n Per u (4–9 ◦S). The hurdle location gener-

ll y largel y tracks the eastern margin of the Andean oro gen. Onl y
andward of the weakly locked megathrust of Northern Peru, the
rench-perpendicular gradient in the velocity component is low and
he hurdle location is identified at distances beyond 1000 km from
he trench, although the uncertainty on the location is very large and
he nearest location within the confidence interval still tracks the
aster n boundar y of the oro gen. The hurdle lies a fe w tens of km
andward of the backthrust in southcentral Peru (10–13 ◦S). Further
o the south, in Bolivia (14–2 ◦S), it follows the backthrust at the
ase of the mountain range. In nor ther nmost Argentina there is no
lear, active backthrust, but the hurdle traces the border of the Puna
lateau. Immediately to the south, around 30 ◦S, the hurdle is located
n the middle of the Sierras Pampeanas. 

For South America, the hurdle for trench-parallel velocities is
ocated between 220 and 800 km from the trench, excluding the
eakly coupled megathrust section. It is always closer to the trench
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Figure 3. Continued. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/235/1/879/7219313 by G

FZ Potsdam
 user on 23 O

ctober 2023
or coincident with the trench-perpendicular hurdle within uncer- 
tainties. Velocities beyond the hurdle are near, but not al wa ys ex- 
actly, zero: the trench-perpendicular component is between −1 and 
4 mm yr –1 in amplitude, while the trench-parallel component is be- 
tween −1 and 2 mm yr –1 . 

Observations of interseismic velocities in Sumatra are sparser 
than in South America. In the southeast of the island, both veloc- 
ity components are small and have low gradients, including the 
near -trench region (F ig. 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, w here near -trench velocities indi- 
cate 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 (Si- 
mons 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 ; Fig. 6 b), 
as well as with the nor theaster n boundar y of the zone of active 
orogenic deformation as indicated by Hall & Se v astjanov a ( 2012 ). 
Trench-parallel velocities do not show a uniform decrease with dis- 
tance 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. 1997 ; Genrich et al. 2000a ), behind which the parallel veloc- 
ities steeply decrease to zero. We thus do not estimate the hurdle 
location for trench-parallel velocities in Sumatra. In Java, both ve- 
locity 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 Jav a Sea, pre vents 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 loca- 
tions north of 42 ◦N) and most of central-nor ther n Honshu (south of 
40 ◦N). The resulting hurdle location is ∼450–600 km away from 

the trench (Fig. 5 ). It broadly follows the eastern margin of the Sea 
of Japan, a few tens of km offshore except for where it touches 
the nor ther nmost tip of Hokkaido (Fig. 6 c). On the other side of 
the Sea of Japan, observations in Manchuria and South Korea con- 
strain the velocity field at intermediate to far distances, helping 
locate the hurdle. The trench-perpendicular and trench-parallel ve- 
locities in those sites are uniformly ne gativ e (around 5 mm yr –1 , 
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 & 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 supported by the steep, 
near-linear decrease with distance of trench-perpendicular veloc- 
ities in Honshu and by the trench-perpendicular velocities on its 
nor thwester n coast being similar to those at the nor thwester n tip of 
Hokkaido and within less than 10 mm yr –1 of those in Manchuria. 
The Okhotsk–Amurian Plate boundary, inferred here to cross Hon- 
shu by Bird ( 2003 ), does not affect the slope of trench-perpendicular 
velocities with distance from the trench. In nor ther nmost Honshu 
and the southwestern most tip of Hokkaido (for trench locations be- 
tween 40 ◦ and 42 ◦N), both the trench-perpendicular velocities and 
their trench-perpendicular gradients are lo wer , possibly reflecting 
lower interplate coupling than in laterally adjacent portions of the 
megathrust (Suwa et al. 2006 ; Hashimoto et al. 2009 ) or incomplete 
post-seismic transient corrections for the 1994 Sanriku earthquake 
(Loveless & Meade 2010 ). 

Trench-parallel velocities in nor ther n Honshu are low, while the 
uncertainties of available interseismic velocities are relatively high. 
This, combined with the narrow width where observations are possi- 
ble, makes it difficult to identify a hurdle in the trench-parallel com- 
ponent. Additionall y, trench-parallel velocities v ary in sign across 
the study area. This clearly reflects in part small changes in the strike 
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Figure 4. Estimated hurdle locations in southeast Asia. Please refer to caption of Fig. 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 trench-parallel velocities, and hurdle locations 
along profiles (A–C) in Indonesia and Malaysia. Video S2 shows trench-perpendicular cross-sections along the entire margin. 
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Figure 5. Estimated hurdle locations in Honshu and Hokkaido. Please refer to the caption of Fig. 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 trench-parallel velocities, and hurdle 
locations along profiles A (Hokkaido) and B (Honshu). Video S3 shows trench-perpendicular cross-sections along the entire margin. 
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Figure 6. Comparison of hurdle locations with main geological features 
for our study regions. The panels show 1 σ regions of hurdles for trench- 
perpendicular velocities in transparent blue regions, and for trench-parallel 
velocities in pink ( cf . Figs 3 –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 R ́ıo de 
la Plata Craton are taken from Álvarez 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 Bor neo cr ustal block is taken from Haberland et al. ( 2014 ) and 
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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f the trench which, combined with the overall head-on character
f the convergence, changes the sign of the trench-parallel compo-
ent of the velocity of the downgoing (Pacific) plate with respect
o the overriding (Okhotsk) one. Interpolated trench-parallel veloc-
ties seem to decrease to uniform values ( −5 to −6 mm yr –1 ) within

600 km of the trench in nor ther n Hokkaido and within ∼300–
00 km in nor ther n Honshu. Ho wever , precisely locating the hurdle
s difficult because GNSS observations are only available onshore,
n Japan and Manchuria, not in the Sea of Japan. Therefore, we
o not perform our parallel hurdle location estimation in nor ther n
apan. 

We also performed the data analysis for Japan expressing all ve-
ocities with respect to the Amurian Plate, rather than the Okhotsk
late, see Fig. S13. This results in an increase of all trench-
erpendicular velocities by ∼6 mm yr –1 , making them positive ev-
rywhere and reaching very close to 0 in Manchuria. Ho wever , the
stimated trench-perpendicular hurdle location remains unchanged.
rench-parallel velocities increase uniformly also, by ∼5 mm yr –1 .
hey thus become largely positiv e (de xtral), e xcept for a few iso-

ated areas. Therefore, even though Manchuria is arguably on a
ifferent plate than Hokkaido and nor ther n Honshu and it moves
ith respect to a stable Okhotsk reference, it seemingly behaves as

he stable plate interior of the Japan Trench subduction zone. The
stimated hurdle location is indifferent to whether the Okhotsk or
murian Plate is used as a reference. 

.6 Discussion and conclusions of the data analysis 

rench-perpendicular velocities decrease with distance from the
rench in a semi-linear fashion to low values, and both the veloci-
ies and the velocity gradient are distinctly lower beyond that. We
efer to the region where the velocity gradient changes as a hurdle.
he existence and location of the hurdle is supported by the fact

hat (1) the near-trench trend in velocities is derived from abundant
bservations, and that (2) observed velocities close to the hurdle
re small and similar in value to observations much farther from
he plate margin. The inferred hurdle differs therefore from the po-
entially detrimental effect that uneven spatial distribution of GNSS
tations can have on interpolated strain rates and gradients in that
t may result in spurious high-strain areas (e.g. Hackl et al. 2009 ).
ur interpolation procedure is designed to give robust estimates
f velocities including uncertainties that arise from both uneven
patial sampling and data uncertainties, and we propagate these
ncertainties into our hurdle estimates. 

The hurdle for trench-perpendicular velocities is located within
000 km or less of the trench along the three studied subduction
ones. Trench-parallel velocities sometimes hav e comple x patterns,
artly due to curvature of the margin. In South America, parallel
elocities also decrease semi-linearly with distance from the trench
p to a hurdle that either is located closer to the trench than the
rench-perpendicular hurdle or, less commonl y, roughl y coincides
ith it. Hurdle locations broadly, but not precisely, follow the in-

and boundary of the orogen wherever such boundary is clearly
xpressed. 

That the trend of trench-perpendicular velocities as function of
istance deviates from a smooth decrease was first noted by Nor-
buena et al . ( 1998 ) for the nor ther n por tion of the Central Andes
the Altiplano of Peru and Bolivia) and Brooks et al. ( 2003 ) for
he Southern Andes. The authors focus on the locally steep velocity
radient at the eastern edge of the Andes and explain the obser-
 ations b y acti v e backarc conv ergence or sliv er motion, which has
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remained a popular explanation (Bevis et al. 2001 ; Brooks et al. 
2003 , 2011 ; Kendrick et al. 2006 ; M étois et al. 2013 ; Weiss et al. 
2016 ; McFarland et al. 2017 ; Herman & Govers 2020 ; Shi et al. 
2020 ). This explanation implies that interseismic strain accumula- 
tion involv es non-recov erable 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 latitude, is bounded 
by a well-defined thrust front and is indeed considered to be ac- 
ti vel y 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 by thrusting in the eastern foreland of the 
Andes (Jordan et al. 1983 ; S ébrier et al. 1988 ; Alvarado & Ramos 
2011 ; Ri v as et al. 2019 ). Ho wever , active and continuous back- 
thrusts faults appear to be absent in some locations, specifically at 
22–29 ◦S and south of 32 ◦S latitude in South America, throughout 
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 (Figs 2 –5 ). 

Even where active backthrusts have been observed, their role 
in explaining the spatial distribution of surface velocities may have 
been overestimated because of unrealistic model assumptions. Most 
studies that model the effect of backarc convergence on interseismic 
velocities assume a fully elastic Earth during the entire earthquake 
cycle. This is a particularly unrealistic assumption during the late 
interseismic period, when the mantle wedge is ef fecti vel y fluid and it 
strongly underestimates far-field horizontal velocities and therefore 
may lead to incor rect inter pretations of the obser vations (Tr ubienko 
et al. 2013 ; Li et al. 2015 ). Shi et al. ( 2020 ) do use a more realistic
viscoelastic rheology to arrive at the conclusion that the backthrust 
is the cause of velocity distribution. Ho wever , they assume a hard 
backstop on their model overriding plate at a distance only ∼150 km 

from the backarc 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 modelling stud- 
ies invoking backarc 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 
currentl y acti ve central Andean backarc 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. Because of the extreme spatial extent and continuity 
of the modelled thrusts or plate boundaries, these studies proba- 
bly 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 relati vel y 
minor deviation from a general trend of steep but gradual decrease 
over the whole orogen (Fig. 3 , profiles B and C). Fur ther more, the 
aforementioned studies investigating the spatial distribution of in- 
terseismic velocities do not consider 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 accumula- 
tion, response of fault slip and creep to the stress evolution during 
the cycle, and boundary conditions. 
Active faults are the possible cause of hurdle behaviour in some 
regions. North of ∼3 ◦S in South America, in southern Ecuador and 
Colombia, convergence is highly oblique and subparallel to a system 

of strike-slip and thrust faults (Veloza et al. 2012 ) that roughly co- 
incides with the location of the hurdle 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 
sli ver (e.g. K ello gg et al. 1995 ; White et al. 2003 ; Nocquet et al. 
2014 ; Alvarado et al. 2016 ). Indeed, trench-parallel velocities at 
∼2 ◦S are roughly constant within ∼200 km from the trench and very 
steeply decrease at the location of the located hurdle and of major ac- 
tive faults, to lo wer , uniform values in the plate interior, consistently 
with the hypothesis of a distinct crustal sliver adjacent to the trench 
(cross-sections 200 and 201, Video S1). However, farther north 
both interpolated velocities components again decrease steeply and 
roughl y uniforml y with distance, with no evidence of an internally 
rigid sliver. In Sumatra, instead, trench-parallel velocities seem to 
be governed by the active strike-slip Sumatra Fault (Prawirodirdjo 
et al. 1997 ; Genrich et al. 2000a ), well visible in cross-sections 
34–41 of Video S2. Trench-parallel velocities also suggest strike- 
slip motion between southern Hokkaido (on the Okhotsk Plate per 
Bird 2003 ) and nor ther n 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 show a similar trend almost 
ev erywhere, e xcept for the southern end of the hypothesized North 
Andean sliver at ∼2 ◦S, the transition in obliqueness of the subduc- 
tion relative to the local trend of the trench around ∼20 ◦S, and a 
small region of uniform near-trench velocities within 200 km of the 
trench at ∼23 ◦S that might reflect intra-Andean strike slip motion 
(Video S1). This suggests a more universal cause of the observed 
hurdles than fault zones. We find no correlation between the average 
dip of the shallow portion of the megathrust and hurdle location, 
since the former, represented by the horizontal distance between the 
trench and the 40 km megathrust depth contour, changes very little 
along the studied trenches (Fig. 6 ). We therefore focus on a possi- 
ble explanation involving the overriding plate. Although the thrust 
faults in the Andean backarc are unlikely to directly account for the 
decrease in observ ed v elocities as we move away from the trench, 
they are likely associated with a mechanical contrast between the 
defor med and par tly accreted Andean region and the interior of the 
South America Plate. We thus hypothesize that such a contrast ex- 
ists in this and other subduction zones, that it is responsible for the 
behaviour of interseismic velocities, and that a uniform overriding 
plate cannot account for observations. 

The ef fecti ve elastic thickness T e deriv ed from fle xure obser- 
vations is much lower at the margin than in the interior of South 
America (Ste w art & Watts 1997 ; P érez-Gussin y é et al. 2007 , 2008 ). 
Variations in ef fecti ve elastic thickness may derive from variations 
in thickness, composition, temperature, rheology and on the age 
of the load (Watts 1981 ; Burov & Diament 1995 ). The ef fecti ve 
elastic thickness is derived from lithospheric flexure on geological 
timescales and is not directly applicable to the predominantly hor- 
izontal 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 (inter- 
seismic) timescales, meaning that the contrast is most likely related 
to properties of the overriding plate. The bulk of the interseismic 
shortening of the overriding plate is recovered during megathrust 
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arthquakes, so it can be considered largely elastic. A mechani-
al contrast that is rele v ant in the context of earthquake cycles is
hus a compliance contrast or thickness contrast. Below we present
echanical models aimed at exploring our hypothesis that (inter-

eismic) hurdles are a consequence of such contrast, whilst also
howing significant coseismic displacements beyond the hurdle. 

The presence of stiff cratonic lithosphere in the interior of the
outh American Plate in central Argentina was proposed as the ex-
lanation for the relati vel y low horizontal post-seismic velocities
n the region (compared to model results without such a craton) by
lein et al. ( 2016 ). Itoh et al. ( 2019 ),, instead showed that a compli-

nt arc and backarc region can explain the high gradient of onshore
orizontal interseismic velocities with distance from the trench in
okkaido. We hypothesize that a mechanical contrast between more

ompliant lithosphere at the convergent margin of the overriding
late (in the arc and backarc region) and less compliant lithosphere
f the interior of the plate can explain the observed near-trench lo-
alization of high spatial gradients of horizontal surface velocities.
e thus propose that such a contrast, w hile av oiding artificially

xed model edges in the vicinity of the trench, can produce a hurdle
n interseismic velocities and surface motion generally consistent
ith observations throughout the seismic c ycle, ev en though we

pecifically focus here on interseismic observations. 

 N U M E R I C A L  M O D E L  

.1 General concept 

o study the interseismic and coseismic surface deformation field
e develop a 3-D mechanical model. We seek to explain obser-
ation trends at different margins, that is the semi-linear decrease
f interseismic velocities from the trench to the hurdle, the low
nterseismic strain accumulation beyond it, but significant far-field
oseismic displacements due to a megathrust earthquake. We test
hether these trends may be a consequence of a compliancy con-

rast in the overriding plate. In the context of our model, we use
 contrast in Young’s modulus E and shear modulus G , with the
ame ratio between the two moduli, in an overriding plate with a
niform thickness and Poisson’s ratio ν. Rather than representing
ealistic averages of the elastic properties of the lithosphere, the
odel Young’s modulus values proxy for a more general ability of

he plate to resist intraplate stresses resulting from the total thick-
ess, composition and thermal state of the real lithosphere. The
odelled contrast in the elastic properties of the overriding plate

onsists of a relati vel y low Young’s modulus in the ‘near-trench’
egion and a higher modulus in the far-field. The assumed geom-
try of the slab and overriding plate in the model is not specific
or any margin and instead follows a realistic trench-perpendicular
lab profile (Fig. 7 ). We consequently do not expect to reproduce
pecific regional observations with the model. 

Model deformation is dri ven b y slab motion and periodic unlock-
ng of asperities. The slab itself is kinematically driven, as updip
nd downdip end of the slab are driven at the interplate convergence
ate. Coseismic slip and afterslip are not imposed kinematically and
re instead physicall y determined, to gether with viscous relaxation,
y the asperity size and location and by the mechanical properties of
he material in the model. Govers et al. ( 2018 ) show that coseismic
lip increases per earthquake cycle until no variation occurs from
ne cycle to the next and physically consistent pre-stresses have
eveloped. 
.2 Model domain and rheology 

e have chosen the model domain size so that boundaries and
oundary conditions do not affect the results in our region of inter-
st; the trench-perpendicular ( x) model extent is 2200 km, 2000 km
n the trench-parallel direction ( y) direction, and 338 km in the
epth ( z) direction. The trench is located at x = 0 , while the
ceanward model boundary is located at x = −212 km. The sur-
ace downgoing plate has its upper surface at a depth of 8 km, and
he overriding plate at z = 0. The subducting plate has a thickness
f 80 km, consistent with the seismolo gicall y detected depth of
he lithosphere–asthenosphere boundary of various oceanic plates
Kaw akatsu et al. 2009 ; K umar & Kaw akatsu 2011 ). The overriding
late has a uniform 40 km thickness, except at the taper due to the
egathr ust geometr y at the bottom and at the slope down to the

rench over 18 km horizontal distance. 
The model slab and the overriding plate are elastic, and the mantle

edge and subslab asthenosphere are viscoelastic with a Maxwell
heology. We model seismic cycles with quasi-dynamic slip on dis-
rete faults and shear zones (see Section 3.4 and Govers et al. 2018 ;
ection 2). After model spin-up, the model has identical megath-
 ust ear thquake cycles with a return period of 300 yr. Post-seismic
elaxation in the model involves the two most rele v ant large-scale
rocesses, afterslip and viscous relaxation (B ürgmann & Dresen
008 ; Diao et al. 2014 ; Broerse et al. 2015 ; Klein et al. 2016 ). Our
eference model has a mantle viscosity η of 10 19 Pa ·s. Through-
ut the model domain, outside of the overriding plate, the elastic
oduli are uniform: Poisson’s ratio ν is 0.25 and Young’s modulus
 is 100 GPa, consistently with values from PREM (Dziewonski
 Anderson 1981 ) in the 0–40 km depth range. In particular, the
value of 0.25 consists of the common Poisson solid assumption

e.g. Melosh & Raefsky 1983 ) and is very consistent with the values
etermined for lower crustal and mantle lithologies, while being at
he lower end of the realistic range for the upper crust. The return
eriod thus is ∼37.9 characteristic relaxation (Maxwell) times long,
o that about 55 per cent of the model cycle period is interseismic,
iven that the earthquakes on the different asperities within one
ycle occur within 40 yr of each other (Govers et al. 2018 ). 

.3 Numerical method 

e use a finite element method to solve the time-dependent 3-
 mechanical equilibrium equations for given material properties

nd boundary conditions including a free surface, as detailed be-
ow. Finite element platform GTECTON version 2021.0 uses the
ortab le, Extensib le, Toolkit for Scientific Computation ( PETSc
ersion 3.10.4; Balay et al. 1997 , 2021a , b ) and OpenMPI (version
.0.0; Gabriel et al. 2004 ) to solve the time-dependent mechanical
roblem in parallel (e.g. Govers & Wortel 2005 ; Govers et al. 2018 ).

Each model includes 384 566 nodes arranged in 2238 109 tetrahe-
ral elements and 1284 193 total degrees of freedom. These choices
re based on pilot models to find a mesh where surface deformation
s insensitive to fur ther g rid refinement. A posteriori estimates of the
odel error (Verf ürth 1994 ) for the selected mesh are small enough

o support our conclusion that our results are accurate within a few
er cent. 

.4 Modelling the megathrust 

ynamic differential slip on the megathrust is modelled using the
lippery nodes technique (Melosh & Williams 1989 ). Five asperi-
ies on the otherwise freely slipping megathrust are fully coupled
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Figure 7. Schematic representation of the finite element model domain with its geometry, spatial extent, coordinate system, main mechanical properties and 
the applied boundary conditions. 

 

continental mantle. 
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(locked) during all stages of the earthquake c ycle, e xcept during the 
coseismic phase when unlocked asperities can slip freely. Treating 
the megathrust away from the asperities as freely sliding is con- 
sistent with observations of megathrust regions immediately up- 
and downdip of the asperities sliding stably and with low friction 
(Scholz 1998 ; Ikari 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 & Govers 
( 2020 ). They are centred 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 as- 
perities, over an along-trench distance of ∼500 km (Herman et al. 
2018 ). At the start of each new 300-yr cycle, the middle asperity 
first has its coseismic phase. After a delay of 20 yr, 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 yr. Every coseismic phase is instantaneous and 
consists of the rele v ant 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 in- 
terseismically 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 as- 
thenospheric 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 & Saffer 2001 ), can indeed 
propagate up to the trench (Fujiwara et al. 2011 ; Sladen & Trevisan 
2018 ). We minorly restrict coseismic slip on the updip portion of the 
me gathrust, abov e 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 

−1 . 
Downdip of the megathrust, the contact between the subducting 

plate and the mantle wedge (depths > 40 km in our models) is of- 
ten viewed as a viscoelastic shear zone (Tichelaar & Ruff 1993 ; 
v an K eken et al. 2002 ). In our model, we represent it as a discrete 
interface that slips freely interseismically and is fully locked co- 
seismicall y. Additionall y, immediatel y 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 interseismically, 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 com- 
putationally demanding simulation of viscous flow in a narrow chan- 
nel, while capturing the main features of interseismic and coseismic 
behaviour 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 ). ‘Sec- 
ondary’ afterslip also occurs on the deep shear zone, over time, in 
response to bulk viscous relaxation during the post-seismic 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. 2016 ; Freed et al. 2017 ).
Klein et al. ( 2016 ) showed that allowing relative motion between the 
mantle wedge and the slab, by introducing a narrow low-viscosity 
zone between 70 and 135 km depth along the top of the slab, 
produces little change in post-seismic 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 
asthenosphere in response to stress changes during the earthquake 
c ycle. To e xclude modelling steady-state mantle flow on geological 
timescales that is irrele v ant for the seismic cycle, we use the finite 
element split node technique (Melosh & Raefsky 1981 ) to impose 
the slab velocity beyond a depth of 100 km. Similarly, w e a void driv- 
ing long term subslab asthenosphere by applying the slab velocity 
along the base of the slab. We remove a small residue of long-term 

deformation of the model related to stretching and unbending of the 
slab that we identify from an identical model without asperities or 
earthquakes. This approach facilitates loading of the mantle wedge 
and subslab asthenosphere by non-steady velocity–stress perturba- 
tions during all stages of the earthquake cycle, without neglecting 
the role of the viscoelastic rheology of either the oceanic or the 
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.5 Boundary conditions 

e impose the updip and downdip ends of the downgoing plate to
ove obliquely at the interplate velocity in the direction parallel

o the slab surface. The trench-perpendicular component of the ve-
ocity is 60 mm yr −1 . Given the linear nature of the rheology used,
he obliqueness angle of the interplate convergence simply linearly
cales the magnitude of the trench-parallel velocities resulting from
egathrust coupling, without affecting the trench-perpendicular ve-

ocities. An arbitrary angle of 30 ◦ (counter-clockwise) is chosen,
easured from the trench-perpendicular direction in a slab-parallel

lane, implying a trench-parallel component of the velocity of
4.64 mm yr −1 (Fig. 7 ). We verified that the presence and magnitude
f the trench-parallel velocity does not affect trench-perpendicular
ate interseismic surface velocities or coseismic surface displace-

ent. We apply a free-slip boundary to the remaining lateral, vertical
ides of the model, while we allow only vertical motion at the land-
ard end and fix the bottom landward and oceanward edges of the
ertical sides. 

Restoring pressures impose isostasy along the free surface of
oth plates (Govers & Wortel 1993 ). These pressures act perpendic-
larly to the surface and have a magnitude directly proportional to
isplacement in that direction. The constant of proportionality is the
ravitational acceleration (9.8 m s −2 ) times the density contrast—
250 kg m 

−3 at the top of the overriding plate, 2200 kg m 

−3 at the
op of the oceanic plate. 

 M O D E L L I N G  R E S U LT S  A N D  

NA LY S I S  

.1 Reference model 

n our reference model, the overriding plate has a Young’s modulus
f 50 GPa within 700 km horizontal distance from the trench and
f 250 GPa bey ond. F ig. 8 shows the resulting surface deforma-
ion. Figs 8 (a) and (c) show interseismic velocities 260 yr after the
ast earthquake on any asperity, that is after ∼33 Maxwell times
nd immediately before the next 40-yr earthquake sequence on the
ve asperities. Both the trench-perpendicular and trench-parallel
elocity components decrease with distance from the locked asper-
ties. The transect through the central asperity in Fig. 8 (c) (solid
ine) shows a roughly linear decrease in the trench-perpendicular
elocity with distance from the trench, from the peak value (above
he asperity) to the location of the contrast, where the gradient
ecreases shar ply. Here, the trench-per pendicular velocity is ∼10
er cent of the interplate convergence rate and ∼8 per cent of the
eak value. Beyond the contrast, the trench-perpendicular velocity
n the far-field decreases gradually to zero at the far end of the
odel, which is a consequence of the model boundary condition

here. Trench-parallel velocities along this transect instead decay
ith a pro gressi vel y shallo wer slope a way from the peak (Fig. 8 c).
hey reach a near-zero value at the compliance contrast and reach
10 per cent of the peak value ∼200 km closer to the trench. The

teeper decrease in the trench-parallel component causes velocity
irections in the locked portion of the subduction zone to rotate
rom convergence-parallel to trench-perpendicular with distance
rom the trench (Fig. 8 a). The results thus show slow and mostly
rench-perpendicular interseismic strain accumulation beyond the
ontrast. The mechanical contrast thus results in hurdle-type be-
aviour comparable to what we infer from the GNSS data. The
urdle is expressed in both horizontal velocity components, albeit
ore clearly in the trench-perpendicular velocities. 
Interseismic velocities 500 km to the north of the middle of the
odel (Figs 8 a and c) are substantially slower than above the cen-

ral asperity. They are higher than velocities 500 km to the south of
he central asperity, showing that oblique convergence results in a
istinctly asymmetric pattern of interseismic strain accumulation.
articularly the trench-parallel velocity differs. Trench-parallel ve-

ocities along the nor ther n transect in Figs 8 (a) and (c) increase
ith distance from the trench before decreasing again. Fig. 8 (a)

hows that, in a trench-perpendicular profile 500 km the south of
he middle of the model, trench-parallel velocities decrease with
istance from the trench. Trench-perpendicular velocities on both
ateral sides decrease with distance from the trench. The imprint of
he contrast on the (gradient of the) velocities is less pronounced
way from locked asperities than in the central region. 

Unlocking of the central model asperity results in coseismic slip
n the megathrust. The coseismic slip on the megathrust corre-
ponds to a moment magnitude M w = 8.7, computed using the aver-
ge elastic shear modulus of the overriding and subducting plates.
ig. 8 (b) shows coseismic horizontal surface displacements in the
verriding plate. The displacement magnitude is highest ( ∼11 m)
nd obliquely ocean directed above the ruptured asperity. Fig. 8 (d)
hows a steep decrease of trench-perpendicular displacement with
istance from the trench, and a change in the gradient at the me-
hanical contrast. Trench-parallel displacements are less affected by
he contrast. Ho wever , both components are significantly non-zero
eyond the compliance contrast. 

.2 Lateral compliance contrast versus a homogeneous 
late 

e compare the results of our reference model with results from two
ther models, both with an overriding plate with a uniform Young’s
odulus, and all else the same as in the reference model (Fig. 8 c).
e find that a uniform value of 10 GPa produces a steep decrease

n both interseismic velocity components, that is it concentrates in-
erseismic strain closer to the trench. Ho wever , it lacks significant
rench-perpendicular coseismic displacement in the far-field, with
mplitudes below 10 mm at distances from the trench greater than
00 km, unlike our reference model. Fur ther more, 10 GPa is a very
ow value for the Young’s modulus of the whole lithosphere in the
ar-field as well as near-field. Conversely, a uniform, realistic value
f 100 GPa for the overriding plate produces large far-field coseis-
ic displacement. Ho wever , its trench-perpendicular interseismic

elocities decrease slowly and have significant amplitudes (more
han a third of the peak value) at the location of the contrast in the
eference model (700 km from the trench). 

We conclude that a uniform overriding plate cannot simultane-
usly explain the observed interseismic hurdle and far-field coseis-
ic displacements. A compliance contrast in the overriding plate

oes explain an interseismic hurdle and far-field coseismic displace-
ents. 

.3 Radial elasticity variations 

ollitz et al. 2011a , b ) concluded that radial elasticity layering is
eeded for fitting both the near- and far-field coseismic static GNSS
isplacements following the Maule and Tohoku earthquakes. We
 v aluate to what extent a radial elasticity variation affects the model
esults. We use elastic moduli varying with depth according to
REM (Dziewonski & Anderson 1981 ; Pollitz et al. 2011a , b ). The
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Figure 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 unlocking of the central asperity. Colours show magnitudes, and vectors show directions and magnitudes. The black barbed line indicates the 
model trench that separates the subducting plate (left-hand panel) from the overriding plate (right-hand panel). Black circles are surface projections of locked 
asperities. Solid and dashed thick grey lines correspond with transect locations in panels (c) and (d). (b) Coseismic horizontal displacements due to unlocking 
of the central asperity. Colours show magnitudes, and vectors show directions and magnitudes of horizontal surface displacements. (c) Interseismic surface 
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 transects show in (b). Seaward displacement is ne gativ e, to the left. 
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with uniform Young’s modulus E = 100 GPa (Fig. S15), being less 
than 5 per cent higher or lower and near -indistinguishab le bey ond 
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 needed in the overriding plate to reproduce 
the hurdle-like observations. In Sections 5.2 and 5.3 , we address 
the tectonic and rheological viability of a mechanical contrast in 
overriding plates. 

4.4 Importance of near-trench elasticity and of its contrast 
with far-field elasticity 

The reference model uses a Young’s modulus E = 50 GPa in the 
near-trench and E = 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; Christensen 1996 ; Aoki 
& Takahashi 2004 ). Here we explore the sensitivity of our model 
results to elastic properties. 

We systematicall y v ary the Young’s modulus in both the near- 
trench and the far-field portion of the overriding plate. Figs 9 (a) 
and (b) shows trench-perpendicular profiles of interseismic veloc- 
ities 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 con- 
tinuous line strokes for lower values). We also vary the Young’s 
modulus of the far-field while keeping the near-trench value the 
same (Figs 9 c and 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 Figs 9 (e) and (f) we do the 
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Figure 9. Sensitivity of interseismic velocities to a compliancy contrast within the overriding plate. Panels show trench-perpendicular and trench-parallel 
components of interseismic velocities as function of distance from the trench along a transect through the central asperity (solid grey line in Fig. 7 a). 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 E, if any, is also marked by the dark orange vertical line. (a, c, d) Trench-perpendicular velocity, and (b, e, f) and trench-parallel 
v elocity. (a, b) Different av erage E v alues (dif ferent line strokes, less continuous for lower v alues) with the same contrast (ratio) between near-trench E and 
far-field E (same colour). (c, d) Different far-field E values (different line strokes, less continuous for lower values) with the same near-trench E values (same 
colour). (e, f) Different near-trench E values (different line strokes, less continuous for lower values) with the same far-field E values (same colour). The model 
with a uniform of E of 100 GPa is al wa ys shown in black. 
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Figure 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 E and for a uniform model as comparison. 
(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 colour). (c, d) Different far-field E values (different line 
strokes, less continuous for lower values) with the same near-trench E values 
(same colour). (e, f) Different near-trench E values (different line strokes, 
less continuous for lower values) with the same far-field E values (same 
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opposite, showing the effect of different values of Young’s mod- 
ulus 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 (Figs 9 a, c and e), 
the results show that a larger contrast in E result in lower velocity 
amplitudes trenchward of the contrasts and steeper slopes in ve- 
locity, particularly between 200 and 300 km of distance from the 
trench, and in shallower slopes beyond the contrast (Fig. 9a). Low- 
ering both values of E accordingly, while keeping the amplitude of 
the contrast unaltered, has a similar effect (Fig. 9a, different line 
strokes with the same colour). The effect of increasing the far-field 
value of E while keeping the near-trench value constant (Fig. 9 c) is 
generally smaller than doing the opposite (Fig. 9 e), but it is still no- 
ticeab le w hen the near -trench E is high (F ig. 9 c, purple lines). With 
lower near-trench E values, increasing the far-field E is hardly no- 
ticeab le (F ig. 9 c, dark red lines and orange lines). There is no sharp 
cut-off beyond which hurdle behaviour is exhibited, and a break in 
the slope of the profile is al wa ys present at the location of the con- 
trast, if any. We take the trench-perpendicular hurdle to be a good 
indicator of the location of a compliance contrast in the overriding 
plate. 

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 pro- 
files of trench-parallel velocities (Fig. 9 d). 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 (Fig. 9 f). 
We observ e howev er that all curv es (including the uniform E model) 
decrease to low velocities at the contrast, that is hurdle behaviour of 
trench-parallel interseismic velocities is not a very strong indicator 
for a compliance contrast. 

Fig. 10 shows profiles of trench-perpendicular coseismic dis- 
placement (corresponding to an earthquake with M w = 8.7) of the 
same models as in Fig. 9 . The amplitude of the far-field displacement 
is controlled by the Young’s modulus in the near-trench, more com- 
pliant portion of the plate, regardless of the contrast with the higher 
Young’s modulus in the less compliant internal portion. Pollitz et al. 
( 2011a ) observed trench-perpendicular coseismic displacements af- 
ter the M w = 8.8 Maule earthquake up to a few tens of millimeters 
beyond 700 km from the trench. A near-trench Young’s modulus 
E ≥ 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 E in the near-trench region, combined with the need for 
a sufficient E contrast to reproduce the hurdle behaviour in trench- 
perpendicular interseismic velocities, requires the use of a very high 
far-field E in the overriding plate of the reference model (Section 
4.1 ) to produce realistic behaviour both interseismically and coseis- 
mically. If the far-field E is only moderately high ( ∼100 GPa or 
less, for instance), the contrast between far-field and relati vel y near- 
trench E is probabl y insuf ficient to explain hurdle behaviour, 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. 
colour). The model with a uniform E of 100 GPa is al wa ys shown in black. 
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Figure 11. Sensitivity of interseismic velocities to the location of a compli- 
ancy contrast 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), respecti vel y, for models 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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.5 Shear modulus contrast in the overriding plate 

e thus far focused on contrasts in Young’s modulus E , which is the
esistance to interseismic (elastic) shortening of the overriding plate
n response to the head-on component of the convergence velocity.
he resistance to (elastic) shear deformation due to the trench-
arallel component of the conv ergence v elocity is better represented
y the shear modulus G = 

E 
2( 1 + ν) . 

All presented models used a uniform Poisson’s ratio ν = 0.25,
eaning that the contrasts in Young’s modulus E and shear modulus
 are the same. We now test whether varying the contrast in G while
eeping the contrast in E constant, affects trench-perpendicular and
parallel velocities. The near-field and far-field values of E are 30
nd 150 GP a, respectiv ely, while ν is 0.2. We decrease the near-field
 by 14 per cent through a drastic increase (doubling) in Poisson’s

atio, to 0.4, which results in a slight change in the trench-parallel
elocity, but does not alter the trench-perpendicular velocity (Fig.
16). Different contrasts in E and G are thus unlikely to affect the
pparent hurdle location, particularly as determined in the trench-
erpendicular component of velocities, justifying our use of the
ame contrast in both moduli. 

.6 Role of the location of the mechanical contrast 

e investigate the sensitivity of the models to the location of the
ontrast in E by stepwise reducing its distance from the trench to
00 km in 100 km intervals. We do so in a model with a contrast that
roduces the largest differences in interseismic velocities compared
o a uniform E (10 and 100 GPa; Fig. 9 ). Bringing the contrast closer
o the trench most noticeably affects trench-perpendicular velocity
rofiles (Fig. 11 a). Increasing the contrast distance produces less
niform decay of such velocities on the trenchward side of the con-
rast, as the slope becomes shallower before reaching the contrast.
nstead, when the contrast distance is increased, the velocities at
he contrast become lower while beyond the contrast, the slopes
ecome flatter. Trench-parallel velocities are much less affected by
he location of the contrast (Fig. 11 b), as the near-trench value of E
ontrols the general shape of the decrease. The presence of a sin-
le contrast in E can thus produce a varying distance between the
pparent location of the hurdle (a sharp transition between a steep
ecay and near-0 amplitudes) in the two components of horizontal
nterseismic velocities, depending on the near-trench value of E and
ts spatial e xtent. Ov erall, the two horizontal v elocity components
ot only have different spatial distribution with the same contrast,
ut also respond dif ferentl y to v ariations in distance to the contrast
r in the value of E on either side of the contrast. This behaviour is
ompatible with our observations showing that the apparent loca-
ion of the trench-parallel hurdle relative to the trench-perpendicular
ne varies along a subduction zone and between subduction zones,
ather than coinciding with it or being offset by a constant distance.

Interseismic locking results in steadily increasing shear tractions
n asperities. The slope of the velocity curves in Fig. 11 represents
orizontal strain accumulation rates in the overriding plate. In the
egion within 200 km from the trench, strain accumulation rates
how to be insensitive to the distance of the contrast, and shear trac-
ions on asperities are consequently expected to be insensitive to
he width of the zone where strain accumulates. Fig. S15 shows in-
eed that the average traction on the middle asperity in the downdip
irection increases little with decreasing trench-contrast distance;
or instance, the traction becomes only ∼3 per cent larger when the
istance to the contrast reduces from 700 to 500 km. The temporal
ate of change of this traction at the end of the cycle in the late
nterseismic phase is linear and thus increases by the same, small
mount. Overall, the presence and location of the mechanical con-
rast in the overriding plate has little effect on stressing rates on
ocked asperities. 

.7 Megathrust locking pattern affects the detectability of 
urdles and contrasts 

o assess the effect of a contrast on interseismic velocities in areas of
ow interplate locking, such as nor ther n Per u and Ecuador (Nocquet
t al. 2017 ; Herman & Govers 2020 ), we run two simulations in
hich the two intermediate asperities are removed, leaving three

otal asperities (2 lateral asperities centred 200 km from the centre
f the middle one). We cut a profile halfway between the middle and
uter asperities (at y = 100 km; Fig. 12 ). The profile through the
ormer asperity (with three remaining asperities in the model) has
ower trench-perpendicular velocities than the same profile through
he asperity (model with five asperities), with a shallower slope
f decrease in the near-trench portion of the overriding plate, but
till with a clear hurdle in the form of a break in the slope at the
ocation of the contrast in E (Fig. 12 a). Trench-parallel velocities
ave a similar behaviour, except that velocities beyond the contrast
re approximately identical. 
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Figure 12. Sensitivity of interseismic velocities to the megathrust locking 
distribution. Trench-perpendicular profiles at y = 100 km (through the mid- 
dle 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 
centred at y = ±100 km, halfway between the middle one (at y = 0) and 
each of the outer ones (at y = ±200 km). 

Figure 13. Sensitivity of interseismic velocities to the sharpness of the 
contrast within the overriding plate, and to thickness variations within the 
over riding plate. Trench-per pendicular 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 x < 700 km, 80 km at x > 700 km). In both models 
there is the same contrast in overriding plate elastic moduli: the thinner 
portion of the plate has E = 50 GPa and the thicker one E = 250 GPa. 
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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 elas- 
tic compliance. We test the addition of a step increase in overriding 
plate thickness, doubling in thickness from 40 km at x < 700 km to 
80 km at x ≥ 700 km, to our reference model and to the model with 
a uniform E of 100 GPa. The trench-perpendicular interseismic ve- 
locity decreases ∼30 per cent at the contrast while leaving the peak 
v alue unaf fected, thus making its decrease with distance from the 
trench slightly steeper on the oceanward side of the contrast and 
more gradual on the beyond the contrast (Fig. 13 ). Trench-parallel 
velocities are unaffected by the thickness contrast. Heterogeneity 
in overriding plate thickness, and particularly a thinner arc region, 
likely contributes to the observed behaviour of interseismic surface 
velocities, but is not solely responsible for hurdle characteristics. 

4.9 Effect of the ratio of the earthquake r ecurr ence 
interval to the Maxwell time 

The ratio T 
τ

of the earthquake recurrence interval T to the charac- 
teristic Maxwell relaxation time τ = 

η is an important property of 
G 
the megathrust system. In fact, it determines to what extent coseis- 
mic 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 
T 
τ

ratios reduce the slope of trench-perpendicular velocities with 
distance from the fault trace in a simple 2-D dip-slip fault cutting 
across an elastic lithosphere overlying a Maxwell viscoelastic man- 
tle (Wang et al. 2021 ). Our models so far use a T 

τ
ratio of 37.9, 

intermediate for the range of possible ratios observed for subduc- 
tion zones worldwide and representing a case in which the stress 
changes due to coseismic slip and afterslip have relaxed late in the 
c ycle (Gov ers et al. 2018 ). 

We now explore the effect of reducing the T 
τ

ratio of our model 
with uniform elastic moduli throughout ( ν = 0.25, E = 100 GPa in 
the overriding plate and elsew here), w hile keeping the convergence 
rate and earthquake size constant. Fig. 14 shows the interseismic 
velocity profiles for the model with the reference model viscosity of 
10 19 Pa ·s (black line, same model and curves as in Figs 8 , 9 and 13 ), 
and for alternative models with higher viscosities (i.e. longer relax- 
ation times and smaller T 

τ
) of the viscoelastic mantle. The resulting 

interseismic model velocities decrease more steeply with distance 
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Figure 14. Sensitivity of interseismic velocities to the earthquake recur- 
rence time T relative to the characteristic stress relaxation time (‘Maxwell 
time’) τ of the viscoelastic asthenosphere. Trench-perpendicular profiles at 
y = 0 km of the two horizontal components, trench-perpendicular (a) and 
trench-parallel (b), of interseismic velocities in models with an overriding 
plate without a contrast (uniform E of 100 GPa) and different values of T 

τ
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rom the trench with decreasing T 
τ

. The effect is particularly sig-
ificant for the trench-perpendicular component. When the T 

τ
ratio

s halved to 18.9, the effect is limited and the trench-perpendicular
elocities still decrease shallowly with distance. However, further
educing T 

τ
makes the slope at intermediate-field distances even

teeper, and particularly T 
τ

< 10 makes the velocity 700 km away
rom the trench equal to or lower than 25 per cent of the peak value.
his indicates that, for a suf ficientl y long Maxwell time relative to

he earthquake recurrence interval, the hurdle behaviour exhibited
y observed trench-perpendicular velocities may be explained with-
ut invoking a contrast in the compliance of the overriding plate. We
urther discuss the viability and implications of such explanation in
ection 5.2 . 

 D I S C U S S I O N  A N D  I M P L I C AT I O N S  

.1 Scope and limitations of our study 

e re-e v aluate published interseismic GNSS velocity observ ations
long three subduction margins: the Peru–Chile Trench (South
merica), the Sunda Trench (Sumatra, Java) and the Japan Trench

Hokkaido and nor ther n Honshu). In South America, our analysis,
ot hampered by marine basins, yields the most continuous sam-
ling of the kinematics in the overriding plate. The analysis will
eed to be extended to other convergent margins before we can
onclude that hurdles, breaks in the interseismic velocity gradient,
re global features of megathrust margins. Still, with three out of
he three margins showing hurdles, we think that we have a basis
o hypothesize a more common feature that mechanically separates
he deforming margin from a semi-stable overriding plate interior. 

Our mechanical models are generic in their geometr y, ear thquake
ycle, and mechanical proper ties. Fur ther work will be needed to
odel the specific contribution of regional rheological makeup and

ctive deformation structures to interseismic velocities. It might
lso be important to include radial elasticity variations and the
phericity of the Earth. Radiall y v arying elasticity decreases does
ot affect far-field velocities (Pollitz et al. 2011a , b ; see also Section
.3 ). Sphericity was shown to have a negligible effect on modelled
oseismic horizontal displacement due to thrust faulting at distances
f 0–5000 km from the trench (Nostro et al. 1999 ). Trubienko et al.
 2013 ) showed that interseismic displacement, normalized by the
oseismic, 700 km from the trench has the same slope towards the
nd of the c ycle, re gardless of sphericity, indicating that interseismic
elocities at the end of the cycle should also be hardly affected. 

.2 Role of the maxwell time in relation to the earthquake 
 ecurr ence interv al 

s we show in Section 4.9 , low v alues (broadl y below 10) of the
T 
τ

ratio cause the velocities to decrease more steeply with distance
rom the trench. In that case, coseismic stresses have not fully re-
axed before the next earthquake occurs, and as a result viscoelastic

odel results become similar to those of fully elastic models. This
ffect is consistent with the results of the simple 2-D models of Wang
t al. ( 2021 ) and of the earthquake cycle models of Li et al. ( 2015 )
nd Trubienko et al. ( 2013 ). It is also analogous to model results
howing that shorter recurrence times lead to greater localization of
nterseismic deformation around strike-slip faults (Zhu et al. 2020 )
nd, conversely, that recurrence times that are long, compared to
elaxation times, lead to substantial deviation between the deforma-
ion pattern of viscoelastic and of elastic models (Hetland & Hager
005 ). Trubienko et al. ( 2013 ) explain the spatial distribution of in-
erseismic velocities in two transects, through central Sumatra and
he Malay peninsula and through nor ther n Honshu in Japan, using
n earthquake cycle model with a uniform elastic overriding plate.
heir model uses a plane-strain approximation, a Burgers viscoelas-

ic rheology for the mantle with a steady-state (Maxwell) viscosity
= 3 · 10 19 Pa ·s, asthenospheric elastic parameters from PREM

Dziewonski & Anderson 1981 ; giving G 

≈− 68 GPa and ν ≈− 0 . 28 in
he asthenosphere), and a return period of 170 yr. Their T 

τ
is thus

7.2, accounting for the fact that τ is 3 1 −ν

1 + ν
η

G 

higher in the plane
train regime (Melosh & Raefsky 1983 ). Li et al. ( 2015 ) similarly
eproduce interseismic velocities in the North Chile portion of the
ndean subduction zone using a uniform overriding plate, with
 viscosity of 4 × 10 19 Pa ·s in the Maxwell viscoelastic mantle
edge and an earthquake cycle duration of 200 yr, resulting in a T 

τ

f ∼10.1. 
Li et al. ( 2015 ) and Trubienko et al. ( 2013 ) do not incorporate

nite gradients in slip deficit downdip of the locked interface and
nstead impose slip deficit to sharply transition from non-zero to
ero at the downdip end of the megathrust. A sharp transition in slip
eficit is physicall y unlikel y (Herman & Govers 2020 ) and precludes
he occurrence of the intermediate-depth afterslip (down to at least
0 km depth) that has been inferred from geodetic and seismologi-
al observations (Diao et al. 2014 ; Sun et al. 2014 ; Yamagiwa et al.
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2015 ; Hu et al. 2016 ; 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-field and far-field velocities. These studies rely 
on shallow locking depths to reproduce interseismic velocities. Fur- 
ther more, when inver ting obser v ations, Li et al. ( 2015 ) do not appl y 
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 overestimated for a given T 

τ
ratio in the models 

of Li et al. ( 2015 ) and Trubienko et al. ( 2013 ). Nevertheless, their 
results suggest that low 

T 
τ

ratios might explain the apparent hurdle 
behaviour of interseismic velocities in the absence of contrasts in 
the compliance of the overriding plate. 

Models of post-seismic relaxation following the 2004 Sumatra–
Andaman earthquake, using Burgers rheologies for the astheno- 
spheric mantle, consistently indicate steady-state viscosities of 
∼10 19 Pa ·s, corresponding to a Maxwell time τ of ∼5 yr (Hu & 

Wang 2012 ; Broerse et al. 2015 ; Qiu et al. 2018 ), while the recur- 
rence interval for an earthquake of similar size has been estimated 
to be between 174 and 600 yr (Gahalaut et al. 2008 ; Meltzner et al. 
2010 ; V an V een et al. 2014 ), yielding T 

τ
ratios of 34.8–120. For the 

Chilean conver gent mar gin, Klein et al. ( 2016 ) and Li et al. ( 2018 ) 
inver t post-seismic GNSS obser v ations in the fe w years (5 and 8, 
respecti vel y) following the 2010 Maule earthquake, using a Burg- 
ers or Maxwell viscoelastic rheology, and consistently find Maxwell 
viscosities of 5–6 × 10 18 Pa ·s in the continental asthenosphere un- 
der the Andes, corresponding to Maxwell times of 2.4–3.0 yr. Aron 
et al. ( 2015 ) estimate the return period as between 84 and 178 yr, 
which would put T 

τ
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 flo w la w–based viscoelas- 
tic rheologies for the asthenosphere, indicate that the steady-state 
viscosity of the mantle wedge is in the range of 4–10 × 10 18 Pa ·s 
(Agata et al. 2019 ; Muto et al. 2019 ; Fukuda & Johnson 2021 ). 
This corresponds to Maxwell relaxation times of 2.0–5.0 yr and 
is in agreement with the results of the inversion of gravity data 
into viscous relaxation parameters only by Cambiotti ( 2020 ). The 
recurrence interval T for events similar to the 2011 Tohoku-oki 
earthquake is ∼600 yr (Satake 2015 ), which puts the T 

τ
ratio in 

the 120–300 range. The ratios (12.1 and 7.2, respecti vel y) used b y 
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 re- 
sponse for low ratios of T 

τ
(section 4.9 ). Still, higher ratios are more 

realistic for the active margins that we investigate, and our model 
results show that hurdle behaviour is not reproduced with uniform 

high T 
τ

ratios (mantle viscosities in line with the majority of post- 
seismic studies) combined with uniform elastic compliancy of the 
overriding plate (Sections 4.2 and 4.4 ). This argues for compliancy 
contrasts in the overriding plate. 

5.3 Tectonic significance of a mechanical contrast 

Klein et al. ( 2016 ) suggest that stiff cratonic backarc lithosphere in 
central Argentina affects horizontal and vertical post-seismic sur- 
face velocities following the Maule earthquake. Li et al. ( 2018 ) 
invert post-seismic displacements, including in the far field, follow- 
ing the Maule earthquake into rheological structures of the upper 
mantle, finding strong evidence for a stiff (elastic, or viscoelas- 
tic with high viscosity) cratonic lithospheric root beneath central 
Argentina. 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 b y cold, stif f 
lithospheric mantle farther to the east, from Venezuela to central 
Argentina (Chulick et al. 2013 ). This juxtaposition represents a sig- 
nificant contrast in lithospheric averages of the compliance. The 
hurdle location that we inferred from the GNSS velocities agrees 
with the tectonic boundary (Section 2.5 , Fig. 6 a). Immediately to the 
south of the Central Andes, around 30 ◦S, the trench-perpendicular 
hurdle coincides with different terrane and active tectonic bound- 
aries (Fig. 6 a; Ramos 1988 , 1999 ). In particular, it is located between 
the eastern front of the active Andean Precordillera fold-and-thrust 
belt (Ortiz & Zambrano 1981 ; Baldis et al. 1982 ) 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 ) (Fig. 6 a). The eastern edge of the Andes as 
marked b y acti ve faults correlates spatiall y 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 consistent 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 Palaeozoic–Cenozoic 
accreted terranes (Hall et al. 2009 ). We are unaware of independent 
proof that Sundaland is mechanicall y stif fer than the Sumatra fore- 
arc. Ho wever , a significant crustal contrast exists across the Meratus 
palaeosuture in Java (Fig. 6 b; 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 Tec- 
tonic Zone, which separates the Sibumasu terrane to the northeast 
from the West Sumatra block and the overlying Woyla accretionary 
complex and volcanic arc (Hutchison 1994 , 2014 ; Barber 2000 ; 
Barber et al. 2005 ) and which largely coincides with the strike- 
slip Sumatran Fault in central and nor ther n Sumatra. Simons et al. 
( 2007 ) used GNSS data to identify the approximate boundaries 
of the interseismically non-deforming part of the Sundaland block 
(Michel et al. 2001 ); its internal (south and west) boundary aligns 
roughl y with geolo gical suture boundaries. On the other hand, es- 
timates from coherence between gravity and topography show no 
evidence of a block in the interior of the plate with higher T e than 
the forearc region (Audet & B ürgmann 2011 ; Shi et al. 2017 ). 

To explain the steep spatial gradient near the trench in horizontal 
interseismic velocities in Hokkaido, Japan, Itoh et al. ( 2019 , 2021 ) 
proposed and modelled the effect of a compliant lithosphere in the 
volcanic arc and backarc, in contrast with a less compliant forearc, 
as e videnced b y temperature, heat flux and seismic wave attenuation 
(Tanaka et al. 2004 ; Wang & Zhao 2005 ; Katsumata et al. 2006 ; 
W ada & W ang 2009 ; Liu et al. 2013 ; Kita et al. 2014 ). Ho wever ,
in the model of Itoh et al. ( 2019 ), velocities 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 
backarc and the less compliant material farther from the trench, 
in the Sea of Japan and beyond. The Sea of Japan is a Miocene 
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ackarc basin of the Japan and southern Kurile subduction zones.
t is inactive (Karig 1974 ), having ceased extending around 14

ya (Tatsumi et al. 1989 ), and is likely less compliant than the
apan arc. The Amurian–Okhotsk Plate boundary follows the sea’s
astern margin (Seno et al. 1996 ; Fig. 6 c). The plate boundary
echanically decouples these plates in the long term, but they are

oupled during most of the earthquake cycle. The lack of GNSS
bservations in the Sea of Japan prevents us from determining
here exactly the compliance contrast occurs and whether creep

long the plate boundary further affects velocities. 

.4 Compliance contrasts in a rheological and 

eodynamic context 

s stated in Section 4.4 , our model results suggest that interseismic
elocities might necessitate a larger contrast in interseismic com-
liance within the overriding plate than can be provided by realistic
lastic parameters. Concretely, the Young’s modulus needs to be
igh enough in the portion of the plate between the trench and the
urdle as to transmit substantial coseismic displacement to the far-
eld, and low enough in the far-field interior of the plate as to not
xceed plausible values. The portion of the plate between the trench
nd hurdle must thus transition from its greater coseismic com-
liance, dictated by elastic properties, to lesser compliance in the
nterseismic period. This transition might be related to viscous creep
f the lower crust and upper mantle (B ürgmann & Dresen 2008 ),
hich reduces flexural rigidity (Ranalli 1995 ), and likely also com-
liance, over time after loading. Low ef fecti ve elastic thickness is
hought to indicate departure from purely elastic rheology, such as
ue to high temperatures, inherited weak zones, or high horizontal
tresses (Burov & Diament 1995 ), which are likely to occur in the
hermomechanically young lithosphere at convergent boundaries.
he increased water content at subduction zones also contributes to
eparture from elasticity by decreasing the viscosity (Kirby 1983 ;
hopra & Paterson 1984 ; Hirth & Kohlstedt 1996 ; Dixon et al.
004 ) and lower plastic strength (Blacic & Christie 1984 ; Mainprice
 Paterson 1984 ) of the lower crust and upper mantle. Geodynamic,

etrological–thermomechanical numerical modelling of subduction
hows that brittle-plastic rheological weakening by both fluids and
elts plays an important role in the evolution of the subduction zone

nd in the development of the volcanic arc and the backarc region
Gerya & Meilick 2011 ). Increased viscosity of the upper mantle
nder cratons, such as caused by water depletion (Dixon et al. 2004 ),
ight also contribute to the ef fecti ve compliance contrast between

he lithosphere-asthenosphere system of the plate interior and that
f the near-margin region. 

.5 Geodeticall y stab le parts of overriding plates? 

bservations of significant coseismic displacements thousands of
m away from the megathrust rupture called into question the con-
ept of an undeforming (rigid) reference plate (Vigny et al. 2005 ;
ang et al. 2011 ; Pollitz et al. 2011a ; see also Section 4.1 ). Our

nalysis suggests indeed that small but non-zero interseismic ve-
ocities and velocity gradients extend beyond the hurdles, and this
resents a challenge for defining a reference on a geodetic observa-
ion timescale. On timescales spanning the time needed to complete
 seismic catalogue on the megathrust (tens to thousands of years,
.g. Ward 1998a , b ), it is possible that the net accumulated strain
s zero, that is there may exist a fully rigid reference on geological

imescales. t  
.6 Role of major faults in the Central Andes 

s discussed in Section 2.6 , previous studies observe and explain
he spatial behaviour of interseismic velocities, in the context of the
entral Andes, as a result of shortening on backthrusts (Norabuena
t al. 1998 ; Bevis et al. 2001 ; Brooks et al. 2003 , 2011 ; Kendrick
t al. 2006 ; Weiss et al. 2016 ; McFarland et al. 2017 ; Shi et al.
020 ). Quantitative models in these studies use either a uniform
lastic half-space, or apply zero-displacement boundary conditions
lose to the backthrust. Both choices artificially restrict interseismic
elocities to the near-trench region, compared to using elastic plates
verlying viscoelastic mantle and extending well into the far-field.
o explain the observed interseismic surface velocities, most of the
tudies also need basal thrusts that are more spatiall y extensi ve than
upported by geological evidence (see Section 2.6 ). Ho wever , lo-
alized shortening has a more regional role in determining specific
rench-perpendicular velocities, particularly in backarc thrust belts
nd basal faults and in the interior of active-margin orogens. For
nstance, when these faults only decouple the shallow lithosphere,
hey may locally cause discontinuities and increased spatial gradi-
nts, without affecting the near-trench portion of the velocity field
Shi et al. 2020 ). Major, creeping strike-slip faults likely cause large
ocal gradients in trench-parallel velocities, and can localize trench-
arallel velocities in a way not necessarily related to the presence
f a contrast (Section 2.6 ). Nevertheless, contrasts in lithologies
nd plate thickness, responsible for hurdles, might also result from
ontinued motion along strike-slip faults. In turn, the presence of
uch contrasts might localize lateral motion into narrow fault zones.

 C O N C LU S I O N S  

nterseismic GNSS velocities from the three studied subduction
ones show a broadly linear decrease of the trench-perpendicular
elocity with distance from the trench up to what we define as the
urdle, located at variable distances less than 1000 km. Beyond
he hurdle, trench-perpendicular velocities are near-zero (less than

5 mm yr −1 ) extending over thousands of kilometres away from
he trench. Trench-parallel velocities are in some cases affected by
resence of strike-slip faults (Sumatra), or are insignificant because
f head-on convergence (Japan, Java). In South America, ho wever ,
hey generally also decrease steeply with distance, up to a hurdle.
he hurdle roughly coincides with the trench-perpendicular hurdle
r is located up to several tens of km closer to the trench. This inter-
eismic deformation restricted to the near-trench region contrasts
ith significant coseismic displacements that were recorded beyond

hese hurdles during the large 2004 Sumatra, 2010 Maule and 2011
ohoku earthquakes. 
The location of the hurdle in observed trench-perpendicular ve-

ocities often coincides with major tectonic or geological boundaries
eparating a plate margin region from a distinct, and likely more
igid, plate interior. In South America the trench-perpendicular hur-
le generally follows the eastern edge of the orogen, coinciding
ith the western margin of the cratonic lithosphere and the eastern
argin of the accreted, deformed terranes at the active plate margin.

n Sumatra, the hurdle follows the Medial Sumatra Tectonic Zone.
ff the shore of nor ther n Honshu and Hokkaido in Japan, the hurdle
robably coincides with the boundary between the backarc region
f the islands, to the east, and the inactive backarc basin and Amur
late interior to the west. 
Our numerical modelling results show that a contrast in overrid-

ng plate compliance can reproduce the steep, largely linear near-
rench decrease in trench-perpendicular velocities with distance. In
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our models, this decrease ends abruptly at the location of the con- 
trast, that is at the hurdle. The value of elastic moduli on either side 
of the contrast determines the contrast amplitude and thus affects 
the intensity of the hurdle behaviour: 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 defining the hurdle behaviour. In con- 
trast, 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 sig- 
nificantl y af fect the rate at which shear traction increases on the 
asperities in our models. The width of the zone where interseismic 
strain primarily accumulates, roughly between the coastline and the 
hurdle, likely does not generate significant variations in megathrust 
earthquake magnitude or recurrence interval. Velocities in portions 
of the subduction zone with little slip deficit, that is little appar- 
ent interplate coupling on the me gathrust, hav e lower near-trench 
trench-perpendicular gradients but otherwise similar behaviour, par- 
ticularly in the trench-perpendicular components. Their near-trench 
trench-parallel components exhibit more complex gradients de- 
pending on location with respect to the fully coupled asperities 
and the direction of trench-parallel, far-field interplate motion. 

S U P P O RT I N G  I N F O R M AT I O N  

Supplementary data are available at GJI online. 

Figure S1. Decomposition of interseismic velocities in the South 
America Plate reference into trench-perpendicular and trench- 
parallel velocities. 

Figure S2. Decomposition of interseismic velocities in the Sunda 
Plate reference into trench-perpendicular and trench-parallel veloc- 
ities. 

Figure S3. Decomposition of Honshu and Hokkaido interseismic 
velocities in the Okhotsk Plate reference into trench-perpendicular 
and trench-parallel velocities. 

Figure S4. Gaussian kernel radius for the weighting of trench- 
perpendicular ( x ) and trench-parallel ( y ) velocities in constructing 
the local covariance functions at each anchor point in South Amer- 
ica. Black dots denote GNSS observation points. As the kernel 
is defined based on the distance to natural neighbours of the an- 
chor point, densely sampled areas (often near-trench) have a narrow 

weighting kernel, while sparsely sampled areas have a wide weight- 
ing kernel. In some areas a low signal-to-noise may lead to a kernel 
radius that is larger than the natural neighbourhood, to prevent rel- 
ati vel y large nugget values, compared to the covariance function 
variance. 

Figure S5. Estimated local covariance (exponential) parameters: 
range and variance, for trench-perpendicular ( x ) and trench-parallel 
( y ) velocities in South America. Range (in meters) describes the 
decay of the correlation with distance, variance denotes the local 
observ ation v ariance (in mm 

2 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 ratio. 
Figure S6. Gaussian kernel radius for the weighting of trench- 
perpendicular ( x ) 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 neighbours of the an- 
chor point, densely sampled areas (often near-trench) have a narrow 

weighting kernel, while sparsely sampled areas have a wide weight- 
ing kernel. In some areas a low signal-to-noise ratio may lead to 
a kernel radius that is larger than the natural neighbourhood, to 
pre vent relati vel y large nugget values, compared to the covariance 
function variance. 

Figure S7. Estimated local covariance function (exponential) 
parameters: range and variance, for trench-perpendicular ( x ) and 
trench-parallel ( y ) velocities in Southeast Asia. Range (in metres) 
describes the decay of the correlation with distance, variance de- 
notes the local observ ation v ariance (in mm 

2 yr −2 ). The variance is 
generally larger if the observation changes much within a natural 
neighbourhood (roughly in between observation points) or in some 
cases, when the kernel radius is large because of a low signal-to- 
noise ratio. 

Figure S8. Gaussian kernel radius for the weighing of trench- 
perpendicular ( x ) 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 neighbours of the anchor point, densely 
sampled areas (often near-trench) have a narrow weighting kernel, 
while sparsely sampled areas have a wide weighting kernel. 

Figure S9. Estimated local covariance function (exponential) 
parameters: range and variance, for trench-perpendicular ( x ) and 
trench-parallel ( y ) velocities in Japan. Range (in metres) describes 
the decay of the correlation with distance, variance denotes the local 
observ ation v ariance (in mm 

2 yr −2 ). The variance is generally larger 
if the observation changes much within a natural neighbourhood 
(roughly in between observation points) or in some cases, when the 
kernel radius is large because of a low signal-to-noise ratio. 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. 

Figure S10. Uncertainty estimates (1 standard deviation) from 

the local ordinary kriging, trench-perpendicular and trench-parallel 
directions, for interseismic velocities in South America. In kriging 
uncertainties depend on both (local) variance, as well as on ob- 
serv ation v ariance. In our implementation of local ordinary kriging 
uncertainties are large in areas with large gradients (especially when 
natural neighbours are relati vel y far apart), and small in areas with 
small gradients, see Fig. 3 in the main text for the interpolated field. 
Circles denote the GNSS velocity uncertainties. 

Figure S11. Uncertainty estimates (1 standard deviation) from 

the local ordinary kriging, trench-perpendicular and trench-parallel 
directions, for interseismic velocities in Southeast Asia. In kriging 
uncertainties depend on both (local) variance, as well as on ob- 
serv ation v ariance. In our implementation of local ordinary kriging 
uncertainties are large in areas with large gradients (especially when 
natural neighbours are relati vel y far apart), and small in areas with 
small gradients, see Fig. 4 in the main text for the interpolated field. 
Circles denote the GNSS velocity uncertainties. 

Figure S12. Uncertainty estimates (1 standard deviation) from 

the local ordinary kriging, trench-perpendicular and trench-parallel 
directions, for interseismic velocities in Japan. In kriging uncer- 
tainties depend on both (local) variance, as well as on observation 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad262#supplementary-data
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ariance. In our implementation of local ordinary kriging uncertain-
ies are large in areas with large variability in observed velocities
nd large distances between observations, and small in areas with
ense data coverage and small variability in observ ed v elocities.
ee Fig. 5 in the main text for the interpolated field. Circles denote

he GNSS velocity uncertainties. 
Figure S13. Results of the analysis of velocities in Japan, ex-

ressed in an Amur Plate reference frame, rather than an Okhotsk
late reference frame as in Fig. 5 in the main text. The maps
how interpolated trench-perpendicular (positive landward) and
rench-parallel (positive left-lateral) velocity fields with 95 per
ent confidence-interval location of the hurdle, together with ac-
ive faults in green from GEM (Styron & Pagani 2020 ). Coastlines
re in black and arrows show the interplate convergence direction
etween the Pacific Plate and the Amur Plate (Kreemer et al. 2014 ).
elo w, we sho w selected trench-perpendicular profiles, in Honshu
nd Hokkaido, on the landward side of the Japan Trench, along the
rofile lines traced in the maps. The velocity profiles show both
nterpolated velocity components with 1 standard deviation uncer-
ainty (transparent bands), and the velocity components at GNSS
tations within the swath with 1 standard deviation error bars. Note
hat the interpolated velocities are based on all GNSS velocity esti-

ates, and not only those shown in the swath for reference. Vertical
reen and orange lines and bands outline estimated hurdle distances
ith 95 per cent confidence intervals. 
Figure S14. Isometric projection of the finite element mesh used

n our numerical models. 
Figure S15. Trench-perpendicular profiles at y = 0 through

he interseismic horizontal surface velocity components, trench-
erpendicular (a) and trench-parallel (b), respecti vel y, for a model
ith elastic moduli according to the vertical profile of PREM

Dziewonski & Anderson 1981 ) or constant, uniform values. In
he slab, E is 100 GPa and ν is 0.25 in both models. 

Figure S16. Trench-perpendicular profiles at y = 0 through
he interseismic horizontal surface velocity components, trench-
erpendicular (a) and trench-parallel (b), respecti vel y, for models
ith the same contrast in overriding plate E (30 GPa at x < 700 km,
50 GPa at x > 700 km), the same overriding plate G (87.5 GPa)
nd ν (0.2) at x > 700 km, and an overriding plate G at x < 700 km
f either 12.5 GPa (same ν = 0.2 as at x > 700 km, same 1:7 ratio
o far-field G as between near-field and far-field E ) or 10.71 GPa ( ν
 0.4, 1:8.17 ratio to far-field G ). 
Figure S17. Plot of average traction in the downdip direction

interface-parallel, along parallel lines on the interface intersecting
he trench at right angles) on the central asperity on the megathrust
nterface, through time over an earthquake cycle, in models with
ifferent horizontal distance between the trench and the contrast in
 (10 GPa near-trench, 100 GPa elsewhere). The earthquake on the
iddle asperity happens at time 0, while the earthquakes on the

ntermediate and external asperities happen at time 20 and 40 yr,
especti vel y. 

Table S1. Overview of the collection of horizontal velocities
or the South American margin, including the source, the obser-
ational period, the reference frame in which the velocities are
eported. a We make use of the v elocities e xpressed by Kreemer
t al. ( 2014 ), where all pre viousl y published velocities have been
ransformed to IGS08 in a global inversion to estimate rotation and
ranslation rates based on common sites. b We apply the rotation pole
5.4S, 124.6 W, 0.11 ◦ Myr −1 as provided in M étois et al . ( 2012 ) to
ransform back to ITRF2005. c We apply the rotation pole 18.83S,
32.21 W, 0.121 ◦ Myr −1 as provided by the authors to transform
he published plate referenced velocities back to ITRF2008. d We
pply the rotation pole 18.66S, 132.72 W, 0.118 ◦ Myr −1 as pro-
ided in the supplementary information of Villegas-Lanza et al.
 2016 ) to transform back to ITRF2008. e Weiss et al. ( 2016 ) use
 South America Plate reference, constructed with 44 cGPS sites,
ostly located in Brazil, without a prior global solution. f Weiss

t al. ( 2016 ) apply a post-seismic correction of the 2007 Tocapilla
 w 7.7 earthquake to the velocity estimates, by removing an em-

irically estimated coseismic step and post-seismic decay function.
 McFarland et al. ( 2017 ) used the ITRF2008 South American Plate
otion model (Altamimi et al. 2012 ), which we subsequently use

o transform back to ITRF2008. h We exclude sites SURY, RAS,
RMA, LSJ1, SPBP, NXRA, LDO, LPLN, for which observed ve-

ocities are anomalously high in comparison to neighbouring sites. 
Table S2. Overview of the collection of horizontal velocities for

he Sunda margin, including the source, the observational period,
he reference frame in which the velocities are reported. a We make
se of the velocities expressed by Kreemer et al. ( 2014 ), where all
re viousl y published velocities have been transformed to IGS08 in
 global inversion to estimate rotation and translation rates based on
ommon sites. b Sites from the 1991–2001 have not been affected
y major earthquakes, c,d and we do not use the data from the
001–2007 and 2002–2006 tables in areas affected by the 2004
umatra–Andaman earthquake and the 2005 Nias earthquakes. e We
se the table with exclusion periods for individual sites to be able
o filter sites that are potentially affected by post-seismic transients.
 Velocities obtained from data after the 2006 M w 7.7 earthquake
n west Java has been corrected for coseismic offsets and post-
eismic transients using a best-fitting viscoelastic model. g Published
elocities in Koulali et al. ( 2017 ) are expressed in a Sunda Plate
eference, we use the Euler pole that we received from the authors
o e xpress v elocities in ITRF2008. Euler pole parameters: longitude
1.07 ◦W, latitude 32.66 ◦N, angular velocity 0.435924 ◦ Myr −1 . 

Table S3. Overview of the collection of horizontal velocities
or the Japan margin in the pre-2011 Tohoku earthquake period,
ncluding the source, the observational period, the reference frame
n which the velocities are reported. a We make use of the velocities
xpressed by Kreemer et al. ( 2014 ), where all previously published
 elocities hav e been transformed to IGS08 in a global inv ersion
o estimate rotation and translation rates based on common sites.
 Hashimoto et al. ( 2009 ) have corrected for transients of the 1994
anriku earthquake. c We exclude sites that have velocity estimates
ased partly on post-2011 Tohoku data. 

Video S1. Animation showing interpolated velocities, their un-
ertainties, and estimated hurdle locations, where available, along
rench-perpendicular profiles at different locations all along the
eru–Chile Trench in South America. Some of these profiles are
hown as panels A–D in Fig. 3 . 

Video S2 . Animation showing interpolated velocities, their un-
ertainties and estimated hurdle locations, w here availab le, along
rench-perpendicular profiles at different locations all along the
unda Trench in Southeast Asia. Some of these profiles are shown
s panels A–C in Fig. 4 . 

Video S3 . Animation showing interpolated velocities, their un-
ertainties and estimated hurdle locations, w here availab le, along
rench-perpendicular profiles at different locations all along the
apan Trench in central and nor ther n Japan. Some of these profiles
re shown as panels A and B in Fig. 5 . 

Please note: Oxford University Press is not responsible for the
ontent or functionality of any supporting materials supplied by
he authors. Any queries (other than missing material) should be
irected to the corresponding author for the paper. 
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Álvarez , O. , Gimenez, M., Braitenberg, C. & Folguera, A., 2012. GOCE 

satellite derived gravity and gravity gradient corrected for topographic 
effect in the South Central Andes region, Geophys. J. Int., 190 (2), 941–
959. 

Aoki , I. & Takahashi, E., 2004. Density of MORB eclogite in the upper 
mantle, Phys. Earth planet. Inter., 143-144, 129–143. 
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