N
N

N

HAL

open science

Interseismic Loading of Subduction Megathrust Drives
Long-Term Uplift in Northern Chile
Romain Jolivet, M. Simons, Z. Duputel, J.-A Olive, H. S Bhat, Quentin Bletery

» To cite this version:

Romain Jolivet, M. Simons, Z. Duputel, J.-A Olive, H. S Bhat, et al..
tion Megathrust Drives Long-Term Uplift in Northern Chile. Geophysical Research Letters, 2020, 47 (8),

pp-2019GL085377. <10.1029/2019GL085377). <hal-03043458)

HAL Id: hal-03043458
https://hal.science/hal-03043458v1

Submitted on 7 Dec 2020

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to':'lizition
HAL Authorization

Interseismic Loading of Subduc-


https://hal.science/hal-03043458v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Manuscript accepted for publication at GRL (author copy)

Interseismic loading of subduction megathrust drives long term
uplift in northern Chile

R. Jolivet'->, M. Simons?, Z. Duputel®, J.-A. Olive', H. S. Bhat! & Q. Bletery*

ILaboratoire de Géologie, Département de Géosciences, Ecole Normale Supérieure, CNRS UMR 8538, PSL Research

University, 75005 Paris, France
2Seismological Laboratory, California Institute of Technology, Pasadena, California, 91125, USA
3nstitut de Physique du Globe de Strasbourg, Université de Strasbourg/EOST, CNRS UMR 7516, Strasbourg, France

4Université Cote d’Azur, IRD, CNRS, Observatoire de la Cote d’Azur, Géoazur, 250 rue Albert Einstein, Sophia Antipolis

06560 Valbonne, France

SInstitut Universitaire de France, 1 rue Descartes, 75005 Paris, France.

Key Points:

« We propose an approach to quantify the ratio between elastic and inelastic deforma-
tion in subduction forearcs

» Two distinct correlations can be observed between interseismic and quaternary up-
lift rates

+ We propose that 4 to 8% of interseismic uplift rates translates into persistent defor-

mation in Northern Chile
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Abstract

Large earthquakes are the product of elastic stress that has accumulated over decades to
centuries along segments of active faults. Assuming an elastic crust, one can roughly esti-
mate the location and rate of accumulation of elastic stress. However, this general frame-
work does not account for inelastic, irrecoverable deformation, which results in large scale
topography. We do not know over which part of the earthquake cycle such deformation
occurs. Using InSAR and GNSS measurements, we report on a potential correlation be-
tween long-term, inelastic and short-term, interseismic vertical rates in northern Chile.
Approximately 4 to 8% of the geodetically-derived interseismic vertical rates translates
into permanent deformation, suggesting topography of the forearc builds up during the
interseismic period. This observation provides a quantitative basis for an improved under-
standing of the interplay between short-term and long-term dynamics along convergent

plate boundaries.
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1 Introduction

Along a subduction interface, the quasi-continuous motion of converging plates leads
to the build up of elastic stress where the interface is locked [Savage, 1983]. Large earth-
quakes, occurring as slip on the megathrust interface, redistribute elastic energy accu-
mulated within the surrounding medium. In addition to these sudden changes in stress,
parts of the subduction interface may slip aseismically during the interseismic period,
either episodically during slow slip events [Hirose et al., 1999; Dragert et al., 2001] or
over decades to centuries [Mazzotti et al., 2000; Metois et al., 2016]. Averaged over the in-
terseismic period, a coupling coefficient, v, is usually used to describe the inferred local
slip deficit normalized by the long term convergence rate along the subduction megathrust
(Fig.1). ¥ = 1 corresponds to a fully locked interface, with a potential for slip during fu-
ture earthquakes. y = 0 indicates an inferred slip rate equal to the local plate convergence
rate [Savage, 1983]. Subduction interfaces are paved with locked sections (i.e. portions of
the interface with y ~ 1) separated by creeping sections [e.g. Konca et al., 2008; Nocquet

etal, 2014] (ie. y << 1).

Large megathrust earthquakes uplift the surface located above a patch of slip and
induce subsidence around it [Savage, 1983; Vigny et al., 2011; Simons et al., 2011]. To
the extent that the coupling coefficient, v, is stable through time, segments that ruptured
during a large event reload during the interseismic period causing surface deformation of
opposite sign to that occurring during the earthquake. In the most simplistic model, the
amount of slip during earthquakes should be balanced by the slip deficit that builds up in
the interim period, at least once integrated over many earthquake cycles. However, along
several subduction zones, the coastal domain, a region defined to extend from the coast
to the continental shelf (Fig. 1), experiences long-lived vertical displacement, either sub-
sidence or uplift, over geological times (i.e. 10°-10° years), for example as inferred from
the geometry of raised terraces in Chile [Saillard et al., 2009; Regard et al., 2010], Japan
[Matsu’ura, 2015] or Greece [Mouslopoulou et al., 2016] or the erosion patterns along
rivers in Mexico [Ramirez-Herrera et al., 2018]. Such long-term, irrecoverable deforma-
tion can be modeled with a purely plastic rheology, for instance using critical taper theory
[Davis et al., 1983]. Such models, however, cannot address the question of when inelastic
deformation cumulates in the forearc with respect to the different phases of the earthquake

cycle.
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For comparison, typical vertical displacement rates over geological times for the
coastal domain are generally one order of magnitude lower than typical interseismic uplift
or subsidence rates [a fraction of millimeter per year vs several millimeters per year, e.g.
Béjar-Pizarro et al., 2013; Jolivet and Simons, 2018; Regard et al., 2010; Melnick, 2016;
Hashima and Sato, 2017, Fig. 1]. Comparatively, large megathrust earthquakes will gen-
erate meter-scale vertical displacements every time they occur [e.g. Vigny et al., 2011; Si-
mons et al., 2011]. We cannot yet assess how much permanent uplift or subsidence occurs
during earthquakes [Baker et al., 2013; Melnick, 2016] or during the interseismic period
[Béjar-Pizarro et al., 2013; Saillard et al., 2017], as our understanding of the earthquake
cycle is limited to simplified elastic and visco-elastic models which do not allow for per-

manent deformation to build up within the upper crust.

Focusing on the interseismic period, correlations between distributions of coupling
coeflicients along megathrusts and morphotectonic features [Victor et al., 2011; Saillard
et al., 2017] or large amplitude gravity anomalies [Song and Simons, 2003; Wells et al.,
2003] suggest that interseismic fault locking is to first order a long-term feature, stable
over many seismic cycles. Interseismic fault locking is thought to imprint its signature
in the morphology of the subduction forearc. For instance, a qualitative relationship has
been described between the maximum depth of high coupling coefficient along subduc-
tion megathrust and the position of the coastal domain [Béjar-Pizarro et al., 2013; Rousset
et al., 2015; Mouslopoulou et al., 2016; Saillard et al., 2017] (Fig. 1). If part of the uplift
measured during the interseismic period is not recovered elastically during earthquakes oc-
curring along the megathrust, then anelastic deformation accumulates and the coastal do-
main will uplift over geological times [Song and Simons, 2003; Mouslopoulou et al., 2016;
Saillard et al., 2017]. Because most of the slip is often located offshore, earthquakes along
subduction zones tend to lower the coastal domain [Simons et al., 2011; Duputel et al.,
2015]. However, if coseismic slip reaches depths below the coastline, the coastal domain

will uplift coseismically [Grandin et al., 2016; Vigny et al., 2011].

The residual permanent vertical displacement will therefore depend on the relative
balance between coseismic slip and interseismic slip deficit and on the position of the
hinge line with respect to the coastal domain [Saillard et al., 2017]. Contradictory conclu-
sions have been reached considering the contribution of earthquakes and interseismic load-
ing to the permanent deformation of the forearc. For instance, Melnick [2016] proposes

that intermediate-depth earthquakes are responsible for the uplift of the northern Chilean
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coast while he discards the influence of interseismic fault locking. Other studies point to
spatial relationships between patterns of coupling coefficients and long term features of
the forearc in support of the influence of interseismic fault locking on topography building
[Béjar-Pizarro et al., 2013; Rousset et al., 2015; Mouslopoulou et al., 2016; Saillard et al.,
2017].

2 Data and Methods: The case of northern Chile

Here, we use direct estimates of interseismic displacement rates and compare these
with long term uplift rates in subduction regions. Geodetic measurements of surface dis-
placement rates, including GNSS (historically referred to as GPS) and InSAR (Synthetic
Aperture Radar Interferometry) measurements, are available over many subduction fore-
arcs. InSAR provides measurements of surface deformation along the direction of the
Line-Of-Sight (LOS) of a satellite. For SAR acquisitions from the Envisat satellite, for
instance, the LOS incidence angle is approximately 23°resulting in a high sensitivity to
vertical displacements. However, InSAR is also sensitive to horizontal displacements con-
founding attempts to isolate a purely vertical component of displacement. GNSS provides
time series of three-component displacements at sparsely distributed locations. However,
uncertainties on GNSS-derived vertical displacement rates typically reach several millime-
ters per year, making it a challenge to measure the sub-millimetric displacement rates ex-

pected from permanent deformation [Melnick, 2016].

One solution is to estimate a model of the distribution of coupling coefficients along
the megathrust that captures all measurements of vertical, horizontal and LOS displace-
ments along with their respective uncertainties in order to produce an a posteriori estimate
of vertical interseismic motion, and compare those predictions with long-term displace-
ment rates. Along subduction zones, where locking of the megathrust is mostly offshore,
it is possible to infer locked asperities with geodetic measurements made onshore [Béjar-
Pizarro et al., 2013; Lin et al., 2015]. However, because we are generally limited to ob-
servations made at the surface and onshore, inferred distributions of coupling coefficient
often differ significantly due to different modeling strategies and different regularizations
of the inverse problem. In the present study, we do not particularly care about this non-
uniqueness since we only use these models to provide the best possible estimate of verti-
cal displacement rates over the interseismic period consistent with the available geodetic

data. Effectively, models are used to interpolate the data.
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Considering the duration of the modern instrumental period with respect to both
the characteristic time of the earthquake cycle and the longer time required to accumulate
significant anelastic deformation, it is crucial to focus on a region where we will be able
to measure surface displacements that are unambiguously related to interseismic loading
of the megathrust. In particular, the relaxation period following a large earthquake might
extend over decades and could strongly influence what is considered as interseismic de-
formation [Trubienko et al., 2013; Hashima and Sato, 2017]. Finally, this region must be
densely sampled by GNSS measurements and its geographical characteristics must be opti-

mal for InSAR.

Northern Chile has been hit by several earthquakes, including the large, M,,7.7, To-
copilla earthquake [Bejar-Pizarro et al., 2010; Schurr et al., 2012] in 2007 and the great,
My, 8.1, Iquique earthquake [Duputel et al., 2015] in 2014. There, inferences of along-
strike variations of coupling coefficients are broadly consistent between models [Metois
et al., 2016; Schurr et al., 2014]. The last great megathrust event prior to the 2014 Iquique
earthquake occurred in 1877 with an estimated magnitude of 8.6 [Comte and Pardo, 1991;
Metois et al., 2013]. Therefore, we assume that surface displacement rates in this region
prior to the 2014 Iquique earthquake are not significantly changing due to postseismic vis-

cous relaxation and truly reflect the effect of locking along the megathrust.

The relative aridity of northern Chile makes it an ideal target for InNSAR measure-
ments [e.g. Pritchard and Simons, 2002; Béjar-Pizarro et al., 2013]. We use SAR data ac-
quired by the Envisat satellite over the 2003-2010 period to derive a map of LOS ground
velocity (Fig.2). We use a multi-pixel method to infer displacement time series, displace-
ment rates averaged over the observation period and earthquake-related offsets accounting
for spatial covariances as well as other nuisance parameters [Jolivet and Simons, 2018].
Our approach resolves long wavelength signals in SAR acquisitions, hence does not re-
quire input from GNSS data. The resulting map of LOS displacement rates highlights a
variable uplift rate along the coastal domain, with LOS rates spanning a 0-4 mm/yr range.
Measurements of horizontal interseismic displacement rates are available thanks to the
dense continuous GNSS measurements that have been deployed since 2000 [Simons et al.,

2010] and are complementary to our InSAR displacement rate maps [Metois et al., 2016].

We use a backslip approach to estimate the coupling coefficient from geodetic dis-

placement rates [Savage, 1983] and apply a Bayesian formalism to explore the range of
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possible models given the GNSS and InSAR surface rates [Jolivet et al., 2015]. The mean
interseismic coupling model is broadly consistent with the most recent published studies
[Li et al., 2015; Metois et al., 2016]. We infer a highly coupled segment extending north-
wards from, at least, Antofagasta in the south up to 20.5°S and a relatively less coupled
segment offshore Iquique (Fig.3). The mean model has lower coupling coefficients at the
trench but this feature is not resolved given that we are limited to observations made on-
shore (see supplementary materials). There is a clear and robust separation between the
coupled segments, with a narrow barrier with a coupling coefficient of 0 (maximum a pos-
teriori, mean equals 0.1 + 0.1). Contrary to recently published models [Li et al., 2015;
Metois et al., 2016], we do not infer fault locking underneath the south American conti-
nent. This inference of no kinematic locking extending below the coastline is driven by

the InSAR observations indicating only onshore uplift [Béjar-Pizarro et al., 2013].

Our goal is to compare the short-term vertical displacements predicted by our cou-
pling models to long-term estimates of coastal uplift. Figure 4 shows the vertical displace-
ment rates over the forearc predicted by our mean coupling model. To first order, topog-
raphy shows striking similarities with this pattern of vertical rates, as maximum uplift is
located in the coastal cordillera. However, topography is a signal integrated over millions
of years, amalgamating the effects of tectonics, mantle dynamics and erosion. Therefore,
topography alone cannot be simply used to study the influence of short term megathrust

dynamics on the building of topography.

The presence of marine terraces all along the chilean coast documents the long term
uplift of the coastal domain over the quaternary [Regard et al., 2010; Saillard et al., 2017].
Using a landscape evolution model that accounts for variations in sea level to reproduce
the topography of the coastal domain and, in particular, the shape of the so-called coastal
rasa, based on the competition of wave erosion and uniform uplift, Melnick [2016] de-
termined uplift rates over the quaternary with dense spatial sampling. These rates quan-
tify the uplift of the Chilean coast at an average rate of 0.13 + 0.04 mm/yr since, at least,

1 Myr.

Lateral variations within these quaternary uplift rates are visible along the coast.
Melnick [2016] finds no obvious correlation between the long-term rates and interseismic
rates. However, the interseismic model used to predict interseismic rates assumes fully

homogeneous kinematic locking of the megathrust down to 35 km-depth without along-
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strike variations, which is inconsistent with our observations and model of coupling co-
efficient (Fig. 3) as well as with some previously published models [e.g. Li ef al., 2015;
Metois et al., 2016].

3 Results: comparing short and long term uplift rates

In contrast to previous analysis, we observe a slight correlation (Pearson product-
moment correlation coefficient of 0.5) between the distribution of coupling coefficients
offshore (i.e. 50 km offshore in the direction of convergence) and quaternary uplift of the
coastal domain (Fig.4). Quaternary uplift appears faster where coupling coeflicient is high
along the megathrust. However, because of the inherent limitations in inferred models of
coupling (i.e. non-uniqueness), we rather rely on the relationship between predicted inter-
seismic and long-term uplift. Effectively, as alluded to earlier, we consider our coupling
model as no more than a physics-based interpolation, including uncertainties, of interseis-
mic surface displacements along the coast. Although we do not include vertical GNSS-
derived velocities in our inversion, a first order comparison of the predicted interseismic
uplift at available GNSS stations suggests a relatively correct agreement with our predic-
tions [see supp. mat. and Blewitt et al., 2016]. Such validation against an independent
data set should be taken with caution as formal uncertainties in GNSS-derived velocities
might be underestimated, especially for vertical rates of motion. In addition, we need to
consider that numerous active faults have been recognized in the forearc, in particular over
the regions of Tocopilla, Salar Grande and North of Pisagua [Allmendinger and Gonzdlez,
2010]. All types of faulting, reverse, normal and strike slip, active over the neogene and
quaternary have been identified in specific regions along the coastline, which could indi-

cate along strike variations in the long term behavior of the forearc.

Plotting the interseismic, predicted, uplift rates with respect to the modeled quater-
nary uplift rates, it appears that points can be separated in two groups (please refer to sup-
plementary materials for a plot without our interpretation). Within each group, short and
long term rates correlate. After separating these points in two distinct groups, we find that
there is a spatial coherence within these groups. In a first group (colored dots on figure
4), we consider points from regions that have experienced extensive neogene and quater-
nary active faulting according to Allmendinger and Gonzdlez [2010], while in the second
group, we consider points from regions devoid of active faulting (black dots in Fig. 4).

Points are not randomly taken in a group or the other and rather cluster spatially along the
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coastline. Taken independently, the correlation between short-term and quaternary uplift
shows correlation coefficients of 0.74 and 0.76 for the areas with and without recent ac-
tive faulting, respectively. While the separation might sound ad hoc at first, we believe the
spatial coherence of these two groups of points is the signature of an along-strike variable

behavior of the forearc subjected to interseismic loading.

For a given interseismic uplift rate, estimates of long term coastal uplift are consis-
tently slower in areas that have experienced significant quaternary faulting. We fit both
data sets separately using a Bayesian regression technique (see supp. mat.) and infer the
distribution of plausible linear relationships between quaternary and short-term uplift. In
both cases, we observe that inferred quaternary uplift rates correspond to 4 to 8% of our
estimated interseismic rates in northern Chile. In addition, it appears that, while a zero-
valued interseismic uplift rate corresponds to a zero-valued quaternary uplift rate for the
regions affected by recent active faulting, this is not the case for regions without identi-
fied active faulting. In the later case, a zero-valued interseismic uplift rate corresponds to

a 0.1£0.05 mm/yr quaternary uplift rate.

4 Discussion: Internal anelastic deformation and the role of faulting

We interpret the observed correlation(s) between million-year time scale uplift and
present-day interseismic uplift as the long-term signature of interseismic deformation.
We explain the distribution of short vs. long term uplift rates as the combination of three
overlapping mechanisms. First, a broad regional scale uplift of 0.1+0.05 mm/yr affects
the whole coastline in northern Chile. Second, 4 to 8% of the interseismic uplift is not
balanced by co- and post-seismic slip related to large megathrust earthquakes. Third, a
systematic offset of about 0.1 mm/yr is observed between regions that have and have not
experienced active faulting over the quaternary. Our interpretation therefore suggests that
interseismic and coseismic deformations do not cancel each other over many cycles and
that approximately 4 to 8% of the vertical interseismic uplift is permanent. While the im-
print of fault locking on the forearc morphology has been previously hypothesized based
on the trench parallel gravity anomaly [e.g. Song and Simons, 2003; Wells et al., 2003], we
provide here a quantitative estimate of the amount of permanent deformation for northern

Chile.
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Then, two hypotheses could explain the systematic difference of uplift rates in re-
gions with and without recent (neogene to quaternary) active faulting. First, slip along
shallow structures within the forearc may have dissipated part of the energy that should
have transferred into gravitational potential energy (i.e. topography), hence a lesser effi-
ciency at building topography. Second, the presence of such pervasive faulting could im-
ply variations in forearc material properties along the coast. These hypotheses now need

to be tested against in-depth modeling.

Essential to our interpretation is that forearc materials must deform beyond their
elastic limit in between large megathrust earthquakes at characteristic interseismic strain
rates of 10717 to 10713 s7! (i.e. 0.1 to 10 nanostrain per year), and upper crustal temper-
atures and pressures below ~400°C and ~200 MPa, respectively. Among possible can-
didate mechanisms, pressure solution processes enable viscous-like creep under low de-
viatoric stress and temperature, particularly in shallow porous rock units (e.g., sedimen-
tary layers) [Niemeijer et al., 2002]. Under greater deviatoric stresses, low-porosity rocks
are more likely to deform inelastically through brittle creep — the macroscopic manifesta-
tion of grain-scale cracks that nucleate from pre-existing defects and grow sub-critically
through stress- and temperature-activated chemical processes [Paterson and Wong, 2005;

Brantut et al., 2013].

We illustrate the possible behavior of the forearc through the example of quartz, a
material typical of a continental crust, which can deform visco-plastically through dislo-
cation glide at low temperature [Bhat et al., 2011]. Under a compressive load, such mate-
rial behaves elastically at low strain regime and starts to deviate from elasticity at higher
strain and the style of deformation (i.e. elastic or inelastic) depends on the ambient strain
rate (Fig.5). For strain rates on the order of those expected for the interseismic period
within the forearc (i.e. 10717 to 10715 s71), quartz behaves elastically for stresses lower
than about 100 MPa, with inelastic strain increasing at higher stresses. Such a visco-plastic
material would allow for interseismic loading up to absolute stresses on the order of those
of a typical stress drop (i.e. less than 100MPa), while accumulating permanent strain. In
addition, because quartz tends to be elastic at high strain rates, we can assume the forearc

would behave elastically during the coseismic (and maybe immediate post-seismic) period.

Our interpretation focuses only on the behavior of the upper crust of the overrid-

ing plate, and thus does not account for the viscous rheology of the upper mantle over

—10-
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the earthquake cycle [Wang et al., 2012], which may affect surface strain rates and es-
timates of coupling along the megathrust [Li et al., 2015]. Also, we do not account for
other potential transient deformation events. Post-seismic stress relaxation following large
earthquakes, for instance, occurs through aseismic slip [e.g. Hsu et al., 2006] and viscous
flow within the upper-mantle [e.g. Trubienko et al., 2013]. The influence of mantle relax-
ation considering a crust that can deform inelastically has not been extensively modeled
yet. That said, we believe that accounting for viscous processes in the mantle and afterslip
would not modify our conclusions based purely on the comparison of surface deformation.
First, given the geological time scales required to build topography, we can consider large
earthquakes and their corresponding afterslip as single slip events. Second, post-seismic
viscous flow within the upper-mantle following a large earthquake puts the forearc in com-
pression for a period of time that depends on the characteristic time involved [Sun et al.,
2014]. If that characteristic time is small with respect to large megathrust cycles, it should

be negligible.

Other examples worldwide do not necessarily compare simply with the behavior we
observe in northern Chile. For instance, in Japan, the coastline of Tohoku subsides both
during large earthquakes [e.g. Simons et al., 2011] and during the interseismic period [e.g.
Hu et al., 2016]. Only during the post-seismic period, a selection of GNSS-derived ground
velocities indicates uplift of the forearc. Although all phases of the earthquake cycle have
been recorded in this region, the summation of observed coseismic, modeled postseismic
and observed interseismic motion cannot explain the long-term uplift observed in the area.
Visco-elastic models of interseismic motion allow for a potential reversal of rates of ver-
tical motion during the interseismic period [Trubienko et al., 2013; Hashima and Sato,
2017], which could reconcile long and short term observations in this part of Japan. In
northern Chile, the only available surface deformation measurements are during the inter-
seismic period and for moderate sized earthquakes and their respective post-seismic se-
quences. Considering the example of Tohoku, surface displacements related to the largest
possible event (and its postseismic displacements) along the megathrust completely over-
ride signals from other smaller magnitude events. Therefore, a complete budget of vertical
displacements is impossible here and we can only hypothesize based on the observed cor-
relation. Systematic mapping of short- and long-term vertical motion of subduction fore-
arcs is therefore required to determine globally how much of plate convergence actually

ends up in permanent deformation of subduction forearcs worldwide in order to constrain

—11-
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future geodynamical models attempting at bridging time scales, from seconds to millions

of years.
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Figure 1. Simplified seismotectonic setting of the subduction forearc — An oceanic plate slides under-

neath the subduction forearc. The interface is divided between a locked section and a creeping, unlocked

section. The coupling coefficient is the parameter describing the apparent slip deficit normalized by the long-

term plate convergence rate. A coupling coefficient of 0 indicates slip at plate rate along the interface while

a coupling coefficient of 1 indicates full kinematic locking. The coastal domain is the region proximal to the

coastline that is submitted to changes in sea level. During the interseismic period, uplift is maximum at the

hinge line, which corresponds to the surface projection of the transition between the locked and unlocked

sections of the interface at depth.
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Figure 2. Tectonic setting and data set — Maps of the northern Chilean subduction zone. Arrows on the

top map are GNSS-derived velocities from Metois et al. [2016] for the interseismic period preceeding the
2014 earthquake. Color indicates ground velocity in the direction of the satellite line-of-sight for Envisat
acquisitions along track 96 [Jolivet and Simons, 2018]. Dark red contour lines are 2 m slip contours for earth-
quakes of magnitude larger than 8, including the Antofagasta, Mw 8.1, 1995 event [Pritchard et al., 2002]
and the Iquique, Mw 8.1, 2014 event [Duputel et al., 2015]. Orange contour lines are 0.5 m slip contours

for earthquakes of magnitude between 7 and 8, including the 2007, Mw 7.7, Tocopilla event [Béjar-Pizarro

et al.,2013] and the 2014, Mw 7.7, Iquique’s biggest aftershock [Duputel et al., 2015]. Focal mechanisms for
earthquakes larger than magnitude 7.5 since 1995 are from the Global CMT project [Ekstrom et al., 2012].

Topography is from SRTM [Farr and Kobrick, 2000].
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Figure 3. Megathrust coupling and slip distributions — Mean of the posterior PDF of the coupling coeffi-
cient along the megathrust. Color indicates wether the fault is kinematically coupled (red) or creeping at the

plate rate (blue). Colored circles are the inferred quaternary uplift rates from Melnick [2016]. Earthquake slip

distributions and moment tensors are similar as in Figure 2
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Figure 4. Comparison between short term interseismic fault behavior and quaternary coastal uplift — Map
shows quaternary coastal uplift rate [Melnick, 2016] (colored circles) and interseismic uplift rates predicted

from our model (background color). (Top right) Quaternary coastal uplift as a function of coupling coefficient
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40

offshore, 50 km from the coast in a direction parallel to relative plate motion. (Bottom right) Quaternary

coastal uplift as a function of interseismic uplift with our interpretation of the relationship between interseis-
mic and quaternary uplift. Colored dots indicate locations where quaternary active faulting has been identified
[please refer to the map for the location of these colored points; Allmendinger and Gonzdlez, 2010]. Thick
blue and black lines are the linear trends predicted from the Bayesian regression for the region where quater-
nary active faulting has been identified and not identified, respectively. Thin lines show a hundred realizations
of the posterior PDF derived by the Bayesian regression, reflecting the range of possible trends for each group

of points. See supplementary materials for a similar plot without interpretation, for a figure highlighting the

position of the various points on a map and for a description of the regression applied.
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Figure 5. Schematic model for the accumulation of permanent strain throughout the earthquake cycle —
(Left) Stress-strain relationship for the visco-plastic low temperature deformation of quartz at 70 MPa and
413 K, conditions corresponding to a depth of about 7 km. As the visco-plastic response of quartz is strain
rate dependent, we show the corresponding behavior for 4 strain rates corresponding to a range of interseismic
strain rates. (Right) Schematic behavior of a visco-plastic material to the cycles of loading and unloading
imposed by the succesion of interseismic and coseismic phases on the megathrust. During the interseismic
phase, stress increases in the forearc, at a strain rate imposed by the slip rate on the megathrust, hence the
variable irrecoverable strain that builds up lateraly. During the coseismic phase, stress drops to a lower level,

leaving persistent strain within the forearc.
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