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Article history: After a great subduction earthquake, viscoelastic stress relaxation causes prolonged seaward motion of

Received 29 September 2019 inland areas of the upper plate, as was observed around the turn of the century in the area of the
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Editor: J.-P. Avouac motion over a region covering the latitudinal range of the southern half of the 1960 rupture. Data from
T the only long-lived continuous site in this region (COYQ since 1997), situated over 200 km away from the

Keywords: trench, suggest that the decrease in the seaward velocity (or increase in the landward velocity) occurred
subduction earthquake within a few years prior to 2010. This rapid and regional change cannot be explained by viscoelastic
postseismic deformation relaxation. We thus propose that the change was caused by a relatively sudden downdip widening of the
viscoelastic stress relaxation zone of locking along the megathrust. Using three-dimensional finite element modelling, we find that

enhanced megathrust locking

the observed velocity change cannot be otherwise explained, although the amount of the increase in
great 1960 Chile earthquake

locking cannot be uniquely determined because of trade-offs between, and uncertainties in, the various
parameters involved. For example, the degree of the increase in locking is affected by the value of
coseismic slip in 1960 in the southernmost part of the rupture zone. A postseismic deformation model
with greater coseismic slip in accordance with the most recent coseismic slip model in the literature
better fits COYQ data prior to 2005 and requires greater locking increase afterwards. A model with less
coseismic slip requires less locking increase but an additional long-term slow slip event prior to 2005.
The rapid surface velocity change and the inferred increase in megathrust locking several decades after
a great earthquake present new challenges to the understanding of fault mechanics and subduction zone

dynamics.
Crown Copyright © 2020 Published by Elsevier B.V. All rights reserved.
1. Introduction ter a great earthquake, the trench area and areas farther landward
exhibit opposing motion, as illustrated by the motion of sites A
The geodetically observed evolution of crustal deformation fol- and B at stage t; in Fig. 1. This is mostly a consequence of vis-

lowing a subduction earthquake is understood to be controlled by ~ coelastic relaxation of the stress induced by the earthquake (Sun
the combined effects of viscoelastic mantle rheology, fault creep et al,, 2014; Sun and Wang, 2015), although afterslip downdip of
such as afterslip, and relocking of the megathrust. Immediately af- the rupture zone can also play an important role (Pritchard and Si-

mons, 2006). As the effect of the viscoelastic relaxation diminishes

with time and the effect of fault locking becomes more dominant,
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Fig. 1. Schematic illustration of postseismic deformation of subduction earthquakes.
(a) Modified from Sun et al. (2018). Left: Evolution of postseismic displacement at
the three sites marked in (b). Right: Velocity direction of the three sites at three
stages of the postseismic deformation, showing landward migration of the dividing
boundary of opposing motion. (b) Structure and parameter values of the numerical
model used in Sun et al. (2018) and this work to model the postseismic defor-
mation of the 1960 Chile earthquake. Here p and n are rigidity and viscosity,
respectively, and subscripts K and M denote the Kelvin and Maxwell components
of the bi-viscous transient rheology. The Poisson’s ratio is assumed to be uniformly
0.25. (For interpretation of the colours in the figure(s), the reader is referred to the
web version of this article.)

using geodetic observations and viscoelastic deformation models
of great subduction earthquakes worldwide. For events of moment
magnitude (Mw) 8, the reversal takes about a decade or so; for
Mw > 9 events, this process can take an order of magnitude longer.

The largest magnitude earthquake yet recorded instrumentally,
the Mw 9.5 1960 Chile earthquake, ruptured the Nazca-South
America subduction interface over a distance of 920 &+ 100 km,
from Valdivia in the north to the Nazca-Antarctica-South America
triple junction in the south (Cifuentes, 1989), with coseismic slip
estimates up to 40 m (Plafker and Savage, 1970; Barrientos and
Ward, 1990; Moreno et al.,, 2009). Recent analysis of the records
of the tsunami generated by this earthquake confirmed the large
coseismic slip (Ho et al., 2019).

Analyses of Global Navigation Satellite Systems (GNSS) mea-
surements four decades after the 1960 Chile earthquake (Klotz
et al,, 2001; Khazaradze et al., 2002; Wang et al., 2007; Moreno
et al, 2011) showed opposing motion at campaign GNSS sites
some 200-300 km from the Nazca trench (Fig. 2), much like the
tp stage in Fig. 1a. The research groups that made the GNSS obser-
vations shown in Fig. 2 each used a slightly different definition of
the South America (SA) reference frame, but the resultant differ-
ences in the derived velocities are negligibly small for the purpose
of studying regional postseismic and interseismic deformation. The
observed deformation pattern is reasonably well explained as a
snapshot of a deformation history predicted using a spherical-
Earth viscoelastic finite element model (Sun et al., 2018) (Fig. 2).
The viscoelastic modelling shows that the westward (trenchward
or seaward) motion of the area 200-300 km east of the trench and
farther away is not expected to diminish or to reverse direction
until 90-100 yrs post coseismic rupture (~ mid 21st C.) (Hu et al,,
2004; Wang et al., 2012; Sun et al., 2018). However, we show in

this paper that more recent GNSS observations made in the early
21st century indicate unexpectedly early deceleration of seaward
velocities or even reversal of crustal motion in this area, indicating
an earlier than expected transition from the t; to t3 stages illus-
trated in Fig. 1a.

2. Geodetic observations
2.1. Two-decade displacement history at site COYQ

The GNSS velocities shown in Fig. 2a were obtained with cam-
paign measurements. There were few continuously monitoring sta-
tions in the 1990’s and 2010’s in South America in the latitudinal
range of the 1960 Chile earthquake. Within our study area (south
of 42.5°), COYQ was the only continuous station until 2009. The
westward motion of COYQ since its establishment in 1997 is con-
sistent with the general pattern of postseismic deformation of gi-
ant subduction earthquakes outlined in the Introduction. However,
the temporal changes in its velocity have presented surprises.

Fig. 3 shows weekly position solutions of COYQ over the past
20 yrs relative to the SA reference frame defined by minimizing
the motion of the seven continuous GNSS sites shown in Fig. 4.
For data processing, we employ the GIPSY-OASIS v.6.4 software and
use the precise point positioning (PPP) strategy (Zumberge et al.,
1997) to generate daily position solutions. We use the Jet Propul-
sion Laboratory (JPL), Pasadena, orbits and clocks, as well as the
widelane ambiguity products, to invoke single station ambiguity
fixing (Bertiger et al., 2010). The resultant non-fiducial position
solutions are then transformed into the ITRF2014 International Ter-
restrial Reference Frame, using a global Helmert seven-parameter
transformation also provided by JPL along with the orbits and
clocks. We have combined the daily solutions into weekly position
estimates for Fig. 3. One of us (MB) independently processed the
same data using a procedure as previously described in Kendrick
et al. (2001) and Brooks et al. (2003) and obtained nearly identical
results. The most intriguing signal in the COYQ time series is the
rapid deceleration of westward motion which began before 2010
(Fig. 3a).

The COYQ site position time series shown in Fig. 3 exhibit long-
term trends with clear seasonal variations that are common in
time series solutions of GNSS stations. Because the primary defor-
mation signals examined in this work vary on a timescale of sev-
eral years or decades, we choose to show the original time series
in Fig. 3 without removing the seasonal variations. The seasonal
variations can be crudely quantified using sinusoidal functions as
discussed in Appendix A, with parameters given in Table B1.

The motion of COYQ was affected by the coseismic and/or post-
seismic deformation of the 2010 Mw 8.8 Maule, 2015 Mw 8.3
Illapel, and the 2016 Mw 7.7 Quell6n earthquakes to variable de-
grees ranging from negligible to significant. These three earth-
quakes were megathrust rupture events along the Nazca-South
America subduction zone (Fig. 4). As explained in Appendix A, we
quantify coseismic jump and postseismic motion of COYQ caused
by these events by fitting step and exponential functions to the
time series, with parameters given in Table B1. For the purpose of
this study, we focus on the east-west component, which is notice-
ably affected only by the nearby 2016 Mw 7.7 Quell6n earthquake.
The earthquake caused a 3.85 mm coseismic westward jump of
COYQ (Fig. 3a and Appendix A), but it has no impact on the main
signal discussed in this paper, the deceleration of westward mo-
tion starting before 2010. The other two earthquakes occurred over
1000 km away. They had minor or negligible impact on the east-
west component but somewhat greater impact on the north-south
component, in particular postseismic motion following the 2010
Maule earthquake as highlighted in Fig. 3b (Table B1).
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Fig. 2. Observed and model-predicted GNSS site velocities. (a) GNSS velocities based on campaign surveys of 1994-1996 (Klotz et al., 2001), 1994-2005 (Wang et al., 2007),
and 2002-2009 (Moreno et al., 2011). Displacement time series of site COYQ (red labelled) are shown in Fig. 3. LOFZ, Liquifie-Ofqui fault zone (Cembrano et al., 2002). CT],
Chile triple junction. Sites west of LOFZ have been corrected for strike-parallel sliver motion following Wang et al. (2007). (b) Velocities 40 yrs after the 1960 Mw 9.5 Chile
earthquake predicted by the postseismic deformation model of Sun et al. (2018). The 1960 coseismic slip distribution employed by this model was estimated by Moreno
et al. (2009). In this figure and other map view figures in this paper, depth below sea level of the megathrust (interrupted by a slab window in the south) is contoured using
dashed green lines at 10 km intervals, and slip deficit rates (Sun et al., 2018) are contoured using brown solid lines at 2 cm/yr intervals.

Instrument failure in 2005 and 2007 caused data gaps (Fig. 3).
The ensuing station repair in 2007 gave rise to the possibility of
a phase centre shift. Upon visual inspection of the original east-
west time series, there appears to be an upward (east) shift of
about 4 mm in 2007 (Fig. 3a). Despite lack of detailed documen-
tation of the station repair in 2007, we address the uncertainties
in this possible offset: We show the east-west time series with
downward (west) offsets of 0, 4, and 8 mm in Fig. 3a. As explained
in section 3.2, these uncertainties slightly affect some of our inter-
pretation.

At the location of COYQ, the strongest postseismic effect of the
1960 earthquake is in the margin-normal direction, manifested as
long-lasting seaward (westward) motion. However, the velocity of
the westward motion (general slope of the curve) decreased rather
quickly from a few years before 2010 and then began to show

some eastward motion. The aforementioned data gaps and station
repair during 2005-2007 should not affect the velocity estimates
before 2005 and after 2007. There is indication that the southward
motion of the site may have become slightly faster around 2005
(Fig. 3b), but data gaps in 2005 and 2007 and the perturbation
caused by the 2010 Maule earthquake make it difficult to decipher
more quantitative information.

The velocity change at COYQ presents a serious scientific chal-
lenge. Viscoelastic earthquake cycle models based on realistic up-
per mantle viscosities predict that surface sites at distances of
200-300 km from the 1960 Chile earthquake rupture zone should

continue to move trenchward (west) on a centennial time scale.
Thus, in 2019, nearly 60 yrs post event, we would expect trench-
ward motion at COYQ to persist for three to four more decades.
Furthermore, these models show that the eventual site velocity re-
versal from trenchward to landward should be very gradual (Hu
et al,, 2004; Wang et al., 2012; Sun et al,, 2018). No reasonable
model of viscoelastic stress relaxation can explain the observed
early and rapid deceleration of trenchward motion and the appar-

ent premature velocity reversal at COYQ.
2.2. Aregional increase in eastward velocity

Do the rapid deceleration and reversal of COYQ represent a re-
gional change reflecting some actual subduction zone process or a
local effect associated with site stability or small-scale geological
processes? The question cannot be answered by observations from
a single site. Therefore, we installed 4 new continuously recording
GNSS stations in 2013-2015 (SAJA, BBAF, TRQ2, LSAR) (Fig. 5a). The
available data (with occasional gaps due to data dropouts) were
processed until March 2019 (Table B2). We also processed daily
position solutions computed by Blewitt et al. (2018) from 8 other
stations in our study area (ESQU, FUTF, QLLN, RMBA, MELK, TPYU,
BN11 and XPLO) (Fig. 5a), spanning approximately 2010-2019 (Ta-
ble B2). The data processing procedure for these 12 stations is the
same as described in section 2.1 and Appendix A for COYQ. We de-
rived site velocities averaged over each station’s data span using a
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Fig. 3. Time history of weekly position of GNSS site COYQ relative to the SA ref-
erence defined in this work (Fig. 4) showing rapid velocity change in the early
21st century. Error bars represent 3 standard deviations. Locations of the three
marked earthquakes are shown in Fig. 4. For this display, no corrections are ap-
plied for seasonal variations and perturbations caused by the shown earthquakes
(Appendix A). (a) East component, which is the focus of this work. Data after site
repair in 2007 are shown in blue, grey, and green for three possible offset values 0,
—4, and —8 mm, respectively, as explained in section 2.1. (b) North component. Or-
ange line highlights coseismic and postseismic effects of the 2010 Maule earthquake
(Appendix A). (c) Vertical component.

simple linear model. In Fig. 5, these new velocities are compared
with the earlier velocities reported by Wang et al. (2007) based on
campaign GNSS observations between 1994-2005.

Given variable data recording conditions that reflect differences
in GNSS station equipment and monument design, the effects of
large earthquakes in South America, different time spans of ob-
servation, and the crude manner by which dextral motion of the
Liquifie-Ofqui fault zone (LOFZ) was corrected (Wang et al., 2007),
we refrain from detailed interpretations of the magnitudes and
directions of individual velocity vectors shown in Fig. 5a. How-
ever, it is remarkable that the 2010-2019 data collectively exhibit
a regional increase in eastward velocity (or decrease in westward
velocity) when compared to the 1994-2005 data (Fig. 5¢). Velocity
values from individual sites that provided data during both time
periods, or different sites from different periods but located at
similar distances from the 1960 earthquake rupture zone, consis-
tently show an increase in eastward velocity. Fig. 5c only includes
sites east of the 50 km depth contour of the plate interface (Hayes
et al., 2012) for convenience of graphical display; however, stations
west of the contour, such as MELK and QLLN, also show a similar
eastward increase in site velocity. This systematic change strongly
suggests that the striking velocity change visible in ~ 20 yrs of
COYQ data (Fig. 3a) reflects a regional increase in eastward velocity.

The regional velocity change seen in Fig. 5c cannot be an arte-
fact due to differences between our stable SA reference frame and

that of Wang et al. (2007). Most of the sites used by Wang et al.
(2007) to define the SA reference are no longer operating, mak-
ing it impossible to reproduce their results exactly. However, the
comparison in Fig. 4 demonstrates that their SA reference is prac-
tically identical to the SA reference we have defined in this work.
Fig. 4 shows velocity residuals for our sites in our new reference
frame and also for their sites in their reference frame; the resid-
uals would be identically zero if all the sites were on an ideally
rigid plate and the GNSS data were error free. For sites used by
both groups (KOUR or BRAZ) or located not very far apart (BRFT
and FORT or CHPI and VICO), the vectorial difference between the
two residuals is well below 1 mm/yr, and the directional difference
is random. Therefore, the reference frame difference between our
work and Wang et al. (2007) cannot possibly cause the system-
atic eastward velocity shift of around 5 mm/yr in our study area
(Fig. 5¢).

The regional change in Fig. 5c cannot be an effect of the 2010
Mw 8.8 Maule earthquake (Fig. 4). First, the velocity change at
COYQ mostly occurred before 2010, and it is difficult to credit the
notion that the site motions in our area - some 1000 km from
the Maule rupture zone - were a slow preparatory phase of the
Maule event. Second, in our study area, the influence of the co-
and post-seismic motions due to the Maule earthquake is mainly
in the north-south direction (Fig. 3b).

The regional change shown in Fig. 5¢c cannot be associated with
changes in surface loading due to non-tectonic processes. Seasonal
and multi-year surface and ground hydrological changes are known
to induce both vertical and horizontal crustal motion (Amos et al.,
2014; Kreemer and Zaliapin, 2018), commonly with much stronger
effect on vertical than horizontal motions. Some of the GNSS sites
in Fig. 5, especially those near the coast and in the southern part
of the study area, indeed exhibit faster vertical than horizontal
motion. However, the velocity difference between the two mea-
surement periods for nearby sites is generally much smaller on
the vertical velocity component. If hydrological loading in this area
(e.g., Rodell et al., 2018) is responsible for the faster vertical mo-
tion, it must be operating at a timescale long enough to affect both
measurement periods similarly and cannot be the main cause for
the rapid velocity change between the two periods which is pre-
dominantly horizontal. The effects of climatically induced changes
in ice loading are more important south of our study region (Di-
etrich et al., 2010; Richter et al., 2016) and deserve more detailed
research.

We thus must conclude that the sudden increase in eastward
velocity in the early 21st century, both at COYQ and at a regional
scale, is a true tectonic signal. Given reasonable ranges of man-
tle viscosity, it is not possible to explain either the rapidity of this
velocity change, nor its early occurrence relative to modelling pre-
dictions, as part of the normal postseismic deformation process of
the great 1960 Chile earthquake. We considered and dismissed as
very unlikely complex transient or nonlinear Earth rheology that
might be invoked to explain the observed rapid regional veloc-
ity change. The only remaining possibility commensurate with the
time scale of this observed velocity change is a change in the state
of interplate locking. Thus, in the ensuing section we explore the
effects of an increase in the degree of locking of the subduction
megathrust in our study region that developed within a few years
prior to 2010.

3. Case for a recent increase in megathrust locking
3.1. The finite element model
Our model builds on that of Sun et al. (2018) for the 1960 Chile

earthquake, based on coseismic slip estimates from Moreno et al.
(2009), except that we have slightly modified the model trench
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geometry to take advantage of a new algorithm we employ to
generate the finite element mesh in the spherical Earth. However,
we have also constructed a model that uses the newly published
coseismic slip distribution of Ho et al. (2019) as detailed in the fol-
lowing section. We refer the reader to Sun et al. (2018) for model
details but highlight the following points.

Our Earth model assumes that the mantle obeys the bi-viscous
Burgers rheology and ignores along-strike variations associated
with changes in the age and hence thermal state of the incoming
plate. We also assume the viscosity values of the mantle wedge to
be lower than those of the oceanic mantle by an order of magni-
tude to account for the presence of H,O and melts (Wang et al,,
2012). Our mantle-wedge steady-state (Maxwell) viscosity is lower
than that inferred by Lorenzo-Martin et al. (2006) mainly because
of the presence of a subducting slab in our model. The material
property values are shown in Fig. 1b. The stagnant and cold part
of the mantle wedge recognized in thermal and seismic studies
(Wada and Wang, 2009; Abers et al., 2017) is represented by an
elastic wedge corner (the “cold nose” in Fig. 1b). The model ac-
commodates actual fault and slab geometry and long-wavelength
surface topography and approximately includes the effect of grav-
ity using a prestress advection approach (Peltier, 1974).

3.2. Amodel of enhanced locking

The rapidity and the spatial scale of the observed GNSS ve-
locity change outlined in section 2 point to an increase in the
locking of the megathrust, but the inferred degree of such an in-
crease depends on the rate of crustal deformation prior to the

increase. Models for the prior deformation rate are not very well
constrained by the available sparse data, but they should fit the
first few years of the east-west component of the observed COYQ
time series (Fig. 3a). We consider two options. First, in this section,
we describe modelling of the prior crustal deformation rate using a
postseismic deformation model based on the coseismic slip distri-
bution of Ho et al. (2019). Second, in the next section, we describe
modelling based on the slip distribution of Moreno et al. (2009)
but also introduce a hypothetical slow slip event in order to match
the prior rate of COYQ.

The great 1960 earthquake caused extensive crustal deforma-
tion and generated a large tsunami. Previous models of its co-
seismic slip distribution were based mainly on data reported by
Plafker and Savage (1970) including field measurements of coastal
uplift and subsidence and limited geodetic measurements (triangu-
lation and levelling) before and after the earthquake. These models
typically feature much less coseismic slip in the southern half of
the rupture zone than in the northern half and very little slip
near the trench (e.g., Moreno et al, 2009). Recently, Ho et al.
(2019) incorporated numerous tsunami records in a new study of
the 1960 earthquake slip and greatly improved offshore resolution.
They reported that the northern and southern halves of the rup-
ture zone underwent roughly the same amount of slip and that
much slip occurred near the trench. We construct a postseismic
deformation model that invokes the coseismic slip distribution of
Ho et al. (2019) but is otherwise the same as the model of Sun
et al. (2018). Fig. 6 shows postseismic deformation at COYQ pre-
dicted by this model, and Fig. 7a shows its predicted regional
deformation pattern, both in comparison to observations. We es-
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chew a serious effort to fit GNSS site velocities near the southern
boundary of the study area, where a slab window is well devel-
oped in association with the Chile ridge subduction (Russo et al.,
2010a; 2010b) (Fig. 7). Seismic velocities at asthenospheric depths
in the slab window are ~ 3% slower than expected, even rela-
tive to seismic velocity models that include a slow asthenosphere,
indicating a warmer geotherm and lower viscosity. This lower vis-
cosity associated with the slab window is most likely responsible
for the observed high trenchward velocities of the southernmost
GNSS sites. This effect cannot be addressed by our postseismic de-
formation model which for simplicity ignores along-strike viscosity
variations, but it will be an important subject for future research.

The simplest way to introduce enhanced interplate locking is
to assume that the locked zone of the megathrust became wider
in the downdip direction during our observation period (Fig. 7b).
We assume that the degree of locking began to increase linearly
with time in the first few years of the century (Fig. 6) and reached
a peak value > 50 mm/yr in seven years in the southern portion
of the study region (Fig. 7b). The enhanced locking (Fig. 7b) can
explain the regional increase in eastward velocity (Figs. 5c). The
incremental uplift predicted by this model (Fig. 7b) is also con-
sistent with the observed change (Fig. 5b, the difference between
the grey and red arrows). We do not attempt to fit the new ve-
locity vectors shown in Fig. 5a or the velocity change shown in
Fig. 5c site by site for the following reasons: (1) The distributions
of GNSS stations that recorded the 1994-2005 and 2010-2019 ve-
locities are different. (2) Most of the site velocities were based on
observations of rather short time span (Table B2), and therefore
uncertainties are large. (3) The GNSS stations were operational at
different times, and thus site velocities are derived from somewhat
different time periods between 2010-2019.

The regional data shown in Fig. 5 illustrate the rapidity of the
increase in eastward velocity but do not show when the increase
began. The COYQ time series can provide information on the onset

time of the enhanced locking, but the data suffers from uncertain-
ties associated with the data gaps during 2005-2007. The offset
correction added in 2007 (section 2.1) affects the estimated on-
set time of the enhanced locking. Our preferred model shown in
Fig. 6a is based on adding an offset of 4 mm to the west (i.e.,
downward shift of the time series). In this model, the enhanced
locking started in 2003. If the offset is zero or twice as large
(Fig. 3a), the model onset time will be 2002 (Fig. 6b) or 2004
(Fig. 6¢), respectively. Regardless of the uncertainties in the on-
set time, enhanced downdip locking can readily explain the rapid
increase in eastward velocity both at COYQ (Fig. 6) and at the re-
gional scale (Figs. 5c and 7b).

3.3. A model of slow slip followed by enhanced locking

Given uncertainties in the coseismic slip models based on data
prior to modern space geodesy, we also consider the postseismic
deformation model of Sun et al. (2018) assuming validity of the co-
seismic slip distribution of Moreno et al. (2009). In this model, the
westward velocity in the first few years of the century is smaller
than observed at COYQ (Fig. 8), but a higher velocity can be ob-
tained by assuming that a slow slip event (SSE) occurred on the
megathrust around the turn of the century. So-called long-term
SSEs lasting several years downdip of locked seismogenic zones
have been detected in the Nankai, Mexico, Hikurangi, and Alaska
subduction zones (e.g., Obara, 2011; Kostoglodov et al., 2010; Wal-
lace and Beavan, 2010; Li et al, 2016). Low-frequency seismic
tremor is usually abundant downdip of, but not in synchronization
with, the long-term SSEs (Gao and Wang, 2017). We thus produced
a model that includes such a long-term SSE just north of the CT]J,
referred to as “Sun et al. + SSE” in Fig. 8. The location of the as-
sumed SSE slip patch is compatible with the tremor distribution
during 2005-2007 determined by Ide (2012) using a method of en-
velope correlation (Fig. 9a). Tremor sources during 2004-2007 had
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Fig. 6. Rapid decrease in west velocity with respect to SA (Fig. 4) at GNSS site COYQ
in the early 21st century explained with a model of enhanced megathrust locking.
The 3.85 mm offset caused by the 2016 earthquake visible in Fig. 3a has been re-
moved. The model-predicted site motion prior to the onset of the enhanced locking
is based on a postseismic deformation model using the coseismic slip distribution of
Ho et al. (2019) (Fig. 7a). The distribution of enhanced locking is shown in Fig. 7b.
(a) Preferred model in which a 2007 correction of —4 mm is made to the GNSS data.
(b) No 2007 correction is made. (c) The 2007 correction is —8 mm. (d) Schematic
illustration of the event history and how the inferred onset time of the enhanced
locking is affected by the 2007 correction. Blue, black, and green are for corrections
0, —4, and —8 mm, respectively.

been determined by Gallego et al. (2013) using a source-scanning
algorithm, although their location uncertainties are large (Fig. 9a).
The assumed SSE can produce a westward site velocity at COYQ
prior to 2005 as high as observed.

Our modelling shows that the termination of the SSE would not
be sufficient to cause the observed regional increase in eastward
site velocities shown in Fig. 5c. It suffices to use one example, with
an offset of 4 mm in 2007 as in Fig. 6a, to illustrate this point. In
this example, shown in Fig. 8 as “Sun et al. + SSE + enhanced
locking”, enhanced locking occurs after the SSE termination. Note
that a fraction of the pre-2005 westward regional velocity is at-
tributable to the SSE, and therefore the required increase in the
degree of locking after SSE termination is less than that shown
in the preferred model (Fig. 6a). The distribution of the locking
increase is shown in Fig. 9b, together with resultant velocity in-
creases in both the horizontal and vertical directions. Again, for
reasons explained in section 3.2, we focus on the overall pattern
of the velocity increase but do not attempt to fit the observed val-
ues site by site.

3.4. Discussion of enhanced locking

A number of trade-offs are apparent even in our highly simpli-
fied modelling of the southern 1960 earthquake rupture region. For
example, the assumption of a narrower zone of enhanced locking
in the downdip direction would necessarily entail a large increase
in slip deficit rate, and vice versa. If we invoke along-strike varia-
tions in mantle viscosity in the postseismic deformation model of
the 1960 earthquake, we can obtain different background locking
patterns for the megathrust. These trade-offs in model parame-
ters are indicative of the non-uniqueness of the modelling results.
Nonetheless, the range of results stemming from reasonable val-
ues of model parameters cannot explain our observations unless
we introduce a sudden downdip increase in megathrust locking,
regardless of other model details.

An increase in megathrust locking during postseismic or inter-
seismic deformation is not an entirely novel concept. In fact, all
SSEs must terminate by an increase in fault locking. However, our
modelling demonstrates that the termination of a presumed SSE is
insufficient - by itself - to cause the observed regional GNSS veloc-
ity change (Fig. 8), and an additional increase in locking is required
to match the observations (Fig. 9).

A sudden increase in landward GNSS velocities near a sub-
duction zone has occasionally been reported elsewhere and inter-
preted to be caused by an increase in megathrust locking. The 2014
Mw 8.1 Iquique earthquake in northern Chile was reported to have
increased GNSS velocities in an area south of the rupture (Hoff-
mann et al., 2018), although the velocity increase may alternatively
be attributed to the diminishing viscoelastic postseismic deforma-
tion of the 2007 Mw 7.8 Tocopilla earthquake in the area. A small
area in southernmost Cascadia was observed to accelerate after a
nearby Mw 6.8 earthquake in the incoming oceanic plate (Materna
et al,, 2019). In both cases, the GNSS velocity change is limited in
the forearc area, and the inferred locking increase is thought to be
a response to a preceding large earthquake. In contrast, the GNSS
velocity change reported in this paper extends far into the back
arc, and there is no preceding large earthquake near the inferred
zone of locking increase.

Enhanced downdip locking in our preferred model (Figs. 6
and 7) can be viewed as a substantial deceleration of very long-
lasting, slow, and deep afterslip following the 1960 earthquake.
This is in contrast with a phenomenon recently observed at the
Japan Trench subduction zone, where a large patch of the Pacific-
Japan megathrust downdip of the then-future 2011 Mw 9 Tohoku-
oki earthquake rupture exhibited accelerated slip for about a
decade leading up to the 2011 earthquake (Mavrommatis et al.,
2014; Yokota and Koketsu, 2015; Wang et al., 2018). The temporal
changes in the megathrust locking state downdip of the main seis-
mogenic zone without an apparent triggering mechanism seen in
the Chile and Japan Trench subduction zones, either before or after
a giant earthquake, presents new challenges to the understanding
of fault mechanics and subduction zone dynamics. The spatial rela-
tionship between increased locking and tremor distribution (Fig. 9)
also deserves investigation.

Based on geological and geodetic observations around latitude
43.5°S, within the northern part of our study area, Melnick et al.
(2018) proposed that the rupture zone of the 1960 earthquake in
that area became increasingly locked from the time of the earth-
quake to 2005. If true, it can be regarded a slow healing process of
the megathrust seismogenic zone. Our observation further south in
the 1960 rupture region is an increase in megathrust locking that
occurred further downdip and much later. Whether there is any
tectonic link between the processes proposed in these two studies
is a matter of conjecture.
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the assumed enhanced locking as seen in 2015 to explain the regional increase in eastward velocity shown in Fig. 5c. The vertical component (bar at each site) is for visual
comparison with the difference between the old and new values shown Fig. 5b. See Fig. 6 for possible onset times of the locking increase.
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Fig. 8. An alternative to the model of Figs. 6 and 7 seen at COYQ: An SSE followed
by enhanced locking. (a) Model predictions at COYQ in comparison with the time
series shown in Fig. 6a. The 1960 postseismic deformation model is that of Sun
et al. (2018), but the faster motion before ~ 2005 is caused by an assumed slow
slip event on the megathrust (Fig. 9a). The distribution of locking increase is shown
in Fig. 9b. (b) Schematic illustration of the event history.

4. Conclusions

Viscoelastic relaxation of the stresses induced by the Mw 9.5
1960 Chile earthquake causes geodetically observable deformation
that may last a century. However, by analysing GNSS observations

made 4 to 6 decades after the earthquake, we found a remarkable
rapid change in site velocities in the early 21st century that can-
not be explained by the viscoelastic postseismic deformation alone.
We have thus proposed a conceptual model of enhanced megath-
rust locking and demonstrated the feasibility of the concept using
simple numerical models. The main conclusions of the work are as
follows.

(1) A comparison of continuous GNSS data of 2010-2019 with
campaign data of 1994-2005 reveals an unexpected systematic
increase in landward (east) motion velocity over a large region
covering the latitudinal range of the southern half of the great
1960 Chile earthquake rupture (Fig. 5c¢). The only long-lived
continuous GNSS site (COYQ), situated over 200 km from the
1960 rupture zone, indicates that this change rapidly occurred
within a few years before 2010 (Fig. 3a).

(2) The best, and likely the only, explanation for the rapid regional
increase in the landward velocity is a widening of the megath-
rust locked zone in the downdip direction beginning around
2003 (Figs. 6 and 7). The rapidity of the GNSS velocity change
cannot be explained without invoking this increased locking,
although details of the increase such as the width, magnitude,
and along-strike distribution are affected by uncertainties in
the 1960 earthquake coseismic slip model, mantle rheology,
and the possible occurrence of SSEs. This temporal change in
the megathrust locking state presents new challenges to the
understanding of fault mechanics and subduction zone dynam-
ics.

(3) The seaward (west) motion of COYQ, and to some degree of
some other sites, prior to the enhanced locking is faster than
predicted by previously published viscoelastic postseismic de-
formation models for the 1960 earthquake. The faster motion
can be explained either by invoking greater coseismic slip in
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Fig. 9. Regional map view of the model shown in Fig. 8. (a) Velocities as seen in 2005 predicted with the Sun et al. model plus an elliptical SSE during 1998-2005, in
comparison with the 1994-2005 data. Thick dashed line approximately delineates the northern boundary of a slab window (Russo et al., 2010b). Neglect of the slab window
may explain the large misfit at the southernmost sites. The shown 1960 coseismic slip distribution is from Moreno et al. (2009) and was used in the Sun et al. (2018) model.
The SSE (pure thrust) is contoured in red at 1 cm. Tectonic tremor sources during 2005-2007 reported by Ide (2012) are shown as purple circles, and the tremor areas for
2004-2007 reported by Gallego et al. (2013) are outlined using blue lines. (b) Similar to Fig. 7b, but the enhanced locking is over a narrower depth range and assumed to

have occurred after the SSE (Fig. 8).

the southern part of the 1960 earthquake rupture area as re-
cently reported by Ho et al. (2019) (Fig. 6) or by assuming the
occurrence of a long-term SSE (Fig. 8). The latter is an arbi-
trary assumption but is compatible with observed distribution
of tectonic tremor in this area (Gallego et al., 2013; Ide, 2012;
Saez et al., 2019).
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Appendix A. Decomposition of signals in COYQ time series

The COYQ time series displayed in Fig. 3 include such signals
as annual seasonal variations and earthquake perturbations that
are largely extraneous to our results and do not affect our analysis.
Nonetheless, for completeness, it is useful to quantify these signals.
We use the following function to fit the COYQ position data to
parameterize the various signals:

N
f@®=Csin@) +Dcos(®) + »_ A+ By (t —Tp)
n=0

t—Ty
+Ep|1—exp|—
Tn

where N is the total number of earthquakes considered (= 3 in
this work), C, D, are amplitudes of the annual variations, and 6
includes time and the one-year period. T, and A, (n =0,...N)
are the time and value, respectively, of position reference or
earthquake-induced offset, and E,, 1,, are coefficients for the ex-
ponential term. The beginning phase of the time series is n = 0;
for example, Ty is the date of our first data point in 1999, and Ag
is its reference position. n =1, 2, and 3 denote the 2010 Maule,
2015 Illapel, and 2016 Quellén earthquakes, respectively. The sig-
nals most relevant to our purpose are represented mostly, but not
fully, by the linear and exponential terms for n = 0. Obviously, the
geodynamic discussion in this paper is adequately based on the

(A1)
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“raw” time series in Fig. 3 and does not reply on any of the terms
in the above function. A possible offset related to station repair in
2007 is not included in this function.

When fitting this function to the COYQ time series, we searched
for the optimal values of 7, using an iterative scheme that mini-
mizes the root-mean-square (RMS) misfit. We obtained the other
parameters using a simpler least-squares fitting approach. The pa-
rameters thus determined are listed in Table B1. The only visu-
ally recognizable coseismic offset in Fig. 3a is the westward jump
A3 = 3.85 mm caused by the 2016 Quellén earthquake. It has been
removed from the time series shown in Figs. 6 and 8.

Appendix B. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2020.116200.
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