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Abstract.

Understanding and modeling the deformation following large earthquake is essential for characterizing the rheological struc-

ture and processes that release post-seismic stress. Here, we measured postseismic deformation over an 8-year period following

the 2014 Mw8.1 Iquique earthquake using Sentinel-1 InSAR and GNSS time series in northern Chile and Bolivia. We jointly

modeled the surface displacements caused by afterslip and viscoelastic relaxation using a two-dimensional finite element5

model. The combination of GNSS and InSAR data allows us to continuously map the temporal and spatial variations of the

displacement field, especially in the vertical component, providing valuable constraints for modeling the rheological structure

of the continental plate from the slab to the Altiplano. The amplitude of the uplift pattern claims for a weak zone below the

western part of the Altiplano, where the volcanic arc is fed by partial melting. To reproduce the temporal evolution of post-

seismic uplift, this weak zone must be governed by a Burgers rheology, combining a transient Kelvin body with a viscosity10

ηKwz = 2×1018Pa.s and a Maxwell body with a viscosity ηMwz = 2×1019Pa.s. To the west, our preferred model includes

a cold nose rooting into the slab at a slab-mantle decoupling depth of dCN = 84 km. This near-trench elastic wedge, predicted

by thermal models, drives mantle flow and generates surface uplift during post-seismic relaxation. By characterizing the post-

seismic deformation field following the Iquique earthquake, our results refine the rheological structure below the Central Andes

and define its response to stress changes down to short time scales.15
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1 Introduction

The aftermath of large earthquakes often entails prolonged visco-elastic relaxation, resulting in regional-scale deformation

that can persist for several decades (Wang, 2007; Hu et al., 2004; Suito and Freymueller, 2009; Wang et al., 2012). Ex-

ploration of post-seismic deformation following megathrust earthquakes has proven pivotal in refining our understanding of

mantle viscosity for both oceanic and continental regions ?e.g.>[] pollitz2006post, panet2010upper, suito2017importance,20

Li2017PostseismicRheology, boulze2022post. Many previous studies have shown that using transient viscosity rheology more

effectively captures the time evolution of post-earthquake deformation (Sun et al., 2014; Hu et al., 2016; Klein et al., 2016).

Furthermore, the analysis of post-seismic deformation offers valuable insights into the rheological structure of the overriding

plate (Pollitz et al., 2008; Li et al., 2018; Muto et al., 2019, e.g.). For example, Luo and Wang (2021a) demonstrated that the

rigid cold forearc mantle (commonly known as the cold nose), shaped by the thermal structure of subduction zones (Wada et al.,25

2008; Wada and Wang, 2009), significantly influences modeled vertical surface displacements resulting from post-seismic man-

tle corner flow. Other studies have shown that a weak zone within the overriding plate modifies the post-seismic response by

localizing the deformation in this area (Rousset et al., 2012; Itoh et al., 2021).

In the Central Andes, large-scale structural features are well-constrained by geophysical studies, revealing that the rigid

Brazilian lithosphere, approximately 130 km thick, substantially thinned to 70-80 km beneath the Altiplano. This region also30

has a thick crust (60-70 km) characterized by a thin elastic layer (∼ 20 km) atop a weak lower crust (Tassara et al., 2006; Tassara

and Echaurren, 2012; Giambiagi et al., 2022). The weakened zone is consistent with predictions from numerical simulations

of small-scale flow within the hydrated subduction mantle wedge, which suggest reduced rock strength and thermal erosion in

the upper plate (Arcay et al., 2005; Babeyko et al., 2002; Sobolev and Babeyko, 2005; Pons et al., 2022; Wang et al., 2021).

Despite these insights, the precise extent and rheology of this weak zone remain poorly characterized. Fundamental questions35

persist: How wide is the weak zone? How does it relate to the topography? How low is its viscosity? Does its rheology evolve

with time during the post-seismic relaxation? How does it affect the deformation during the seismic cycle?

The post-seismic deformation following the 2014 Iquique earthquake offers an excellent opportunity to explore the rheo-

logical structure of the overriding continental plate. Existing studies on post-seismic deformation after the Iquique earthquake

have primarily focused on the afterslip process (Shrivastava et al., 2019; Itoh et al., 2023). Only two studies (Hu et al., 2021;40

Hoffmann et al., 2018) have addressed the influence of visco-elasticity on the surface displacement field, but these are limited

by the short observation period (2 or 4 years) and show a suboptimal fit, particularly with respect to vertical displacements.

In this study, we take advantage of the monitoring of the deformation by permanently installed GPS stations in northern Chile

and Bolivia, and combine it with Sentinel-1 InSAR time series to delineate the spatial pattern of the post-seismic deformation

and its temporal evolution over an 8-year period following the earthquake. InSAR shows a strongly deformed area, extending45

from the forearc to the arc, that is resulting from viscoelastic relaxation in the weak zone. We model the surface displacement

generated by afterslip and visco-elastic relaxation following the co-seismic rupture using a Finite Element Model in two di-

mensions. Our objective is to perform a parametric exploration of the geometry in order to constrain the geometry of the cold

nose and of the weak zone, and to explore its rheology. The use of a simple 2D model, rather than a 3D model, allows us to
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test various configurations against the data. The spatial continuity of the deformation field provides excellent constraints on50

the localization of the deformation, enabling us to refine our understanding of the rheological structure of the continental plate

from the subduction zone to the Altiplano.

2 Seismotectonic Setting of the 2014 Iquique Earthquake

Stretching over 8000 km, the Peru-Chile trench delineates the boundary between the Nazca and South American plates and has

played a crucial role in the formation and seismic activity of the Andes Cordillera. This subduction zone is segmented along55

strike and ruptures into large earthquakes (Métois et al., 2016; Molina et al., 2021). The 1960 Mw9.5 Valdivia earthquake

was the largest earthquake instrumentally recorded worldwide (Kanamori, 1977). It ruptured a 920 km-long section of the

subduction zone (Cifuentes, 1989), and was followed by prolonged visco-elastic relaxation and seismic quiescence that lasted

for several decades (Hu et al., 2004; Moreno et al., 2011; Ruiz et al., 2017).

More recently, three mega-earthquakes ruptured the Chilean subduction zone: Maule, 2010, Mw8.8 (Moreno et al., 2010;60

Lin et al., 2013); Iquique, 2014 Mw8.1 (Ruiz et al., 2014; Schurr et al., 2014; Duputel et al., 2015) and Illapel, 2015 Mw8.3

(Tilmann et al., 2016; Heidarzadeh et al., 2016). The post-seismic visco-elastic relaxation that followed the 2010 Mw8.8 Maule

earthquake has been investigated in various studies. Klein et al. (2016) suggest that a weak mantle (with a viscosity of 4.75.1018

Pa.s) and a viscous channel along the slab interface to model the afterslip are required to explain the GNSS observations. To

model the uplift observed 300 km from the trench, Li et al. (2017) incorporated a mantle with a low viscosity beneath the65

Main Cordillera that increases toward the Argentinian craton. At 700 km from the trench, a remarkably high viscosity of 1030

Pa.s is required to account for the observed subsidence in the far-field, which, over the time scale considered, is equivalent

to an elastic behaviour. Additionally, Li et al. (2018) emphasized that viscosity increases not only with the distance from the

trench but also with time after the earthquake. Studies focusing on the aftermath of the 2015 Mw8.3 Illapel earthquake have

predominantly delved into afterslip and aftershock seismicity (Poli et al., 2017; Twardzik et al., 2021; Shrivastava et al., 2016;70

Tissandier et al., 2023; Hormazábal et al., 2023). Nevertheless, a comparative analysis of post-seismic visco-elastic relaxation

following the three most recent megathrust earthquakes in Chile pleads for a linear, Newtonian, viscosity in the asthenosphere

(Boulze et al., 2022). Additionally, the continuous geodetic monitoring over the years since these earthquakes offers data to

evaluate the rheological impact on the observed post-seismic deformation.

The Mw8.1 Iquique earthquake occurred on the 1st of April 2014, with its epicenter located -70.79° East and -19.62° North75

(see Figure 1). It ruptured the central part of a mature seismic gap that had last been ruptured in 1877 by a Mw8.6+ event

(Comte and Pardo, 1991; Métois et al., 2013; Béjar-Pizarro et al., 2013; Vigny and Klein, 2022). However, smaller magnitude

earthquakes have also struck the gap, such as the 2005 Mw7.8 Tarapacá intraslab intermediate-depth earthquake (Peyrat et al.,

2006; Jara et al., 2017) and the 2007 Mw7.7 Tocopilla deep subduction earthquake (Béjar-Pizarro et al., 2010). This earthquake

was also preceded by a slow slip event and a foreshock sequence (Socquet et al., 2017; Ruiz et al., 2014; Schurr et al., 2014).80

The Iquique earthquake ruptured the subduction interface between depths of 15 and 55 km over a ∼ 50 km wide area, with

a peak slip of 9 meters (Duputel et al., 2015; Jara et al., 2018). Following the mainshock, a significant aftershock of magnitude
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7.7 occurred about 120 km further south (Duputel et al., 2015; Jara et al., 2018) (Figure 1). Itoh et al. (2023) focused on the

early afterslip occurring during the 27 hours separating the mainshock from its largest aftershock using high-rate GNSS data.

Given the notably high magnitude of this aftershock compared to the mainshock, its contribution should be considered in any85

post-seismic relaxation model. Subsequent post-seismic deformation was investigated using GNSS time series until the end

of 2014 (Shrivastava et al., 2019), and during the first two years, reaching a maximum of ∼ 89 cm of afterslip on the slab

interface at depths of 40-50 km (Hoffmann et al., 2018). However, a two-year time-frame is insufficient to distinguish between

afterslip and visco-elastic relaxation. Hu et al. (2021) modeled viscoelastic relaxation and proposed the presence of a 110

km thick low-viscosity layer (2.1018 Pa.s) beneath the slab, along with oceanic and continental mantle viscosities of 1.102090

and 3.1019 Pa·s, respectively. They also included a weak shear zone to model afterslip. However, this study is limited by the

availability of GNSS time series and shows a suboptimal fit, especially for vertical displacements. Therefore, the temporal

evolution of deformation after the Iquique earthquake and the role of the rheological structure in viscoelastic relaxation remain

poorly understood.

3 Data95

3.1 InSAR velocity maps

The arid climate in South Peru and North Chile makes it the ideal area to process interferometric data. This region is covered

by two Sentinel-1 tracks, ascending (A149) and descending (D054). We processed all available acquisitions from October

2014 to December 2019, thus covering a duration of slightly over 5 years, with 183 dates for track A149 and 145 dates for

track D054. We used the small baseline subset method with the NSBAS processing chain that goes from raw data to time100

series analysis and includes image coregistration, spectral diversity correction, mitigation of atmospheric delays, filtering and

unwrapping, as described in Doin et al. (2011). It is partly based on the ROIPAC software (Rosen et al., 2004) and adapted

to Sentinel-1 data processing following Grandin (2017). More processing details can be found in Thollard et al. (2021). The

network of interferograms is defined and calculated with temporal and perpendicular baseline constraints. Interferometric

pairs were computed with n/n+1 (an acquisition n with the following acquisitions (n+1)), then the pairs n/n+2, n/n+4, plus105

interferometric pairs with both a temporal baseline around 12 months and a perpendicular baseline smaller than 100 meters.

This strategy results in 514 (710, respectively) interferograms for track A149 (D054, respectively). The contribution of the

stratified atmosphere is corrected using the ERA-5 global atmospheric reanalysis produced by ECMWF (European Centre for

Medium-Range Weather Forecast) (Doin et al., 2009; Jolivet et al., 2011). Unwrapped interferograms are flattened with linear

ramps in range and azimuth, as explained in Thollard et al. (2021), that removes the effects of solid earth tides, of rigid plate110

movement in ITRF reference frame, and some ramps associated with the ionosphere (Lemrabet et al., 2023; Marconato et al.,

2024). The interferometric network is then inverted into time series (López-Quiroz et al., 2009; Ho Tong Minh et al., 2022).

The interferometric network misclosure is very low for the two time series, showing the absence of residual unwrapping errors

and a low phase noise due to temporal decorrelation.
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Figure 1. Seismo-tectonic context of the Iquique earthquake. The red and green stars display the locations of the epicenter of the Iquique

earthquake and that of the major aftershock of magnitude 7.7, respectively, whereas the red and green contours represent their respective

co-seismic slips from Jara et al. (2018). The circles represent the location of the GNSS stations. The white line and dotted lines show the

studied cross-section ±100 km. The black bold arrow shows the convergence direction of the subduction. The blue lines describe the slab

isodepth contours. The color of the inner (outer, respectively) circles represent the vertical displacements of the GNSS stations during the

period between 2 days to 7 months (7 months to 5.7 years, respectively) after the earthquake. The purple (blue, respectively) arrows represent

the horizontal displacements of the GNSS stations during the period between 2 days to 7 months (7 months to 5.7 years, respectively) after

the earthquake.
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The phase delay time-series is affected by large residual tropospheric delays, especially during the austral summer and, to a115

lesser extent, by ionospheric phase screens. To extract the ground displacement, the InSAR time series is fitted using a simple

trajectory model consisting of a linear term representing the interseismic loading, a logarithm decay representing post-seismic

relaxation, and a seasonal term, using the equation:

Φ(t) = v× t︸︷︷︸
interseismic loading

+A× log(1+ (t− tIq)/τ)︸ ︷︷ ︸
post-seismic relaxation

+B× cos(2πt)+C × sin(2πt)︸ ︷︷ ︸
seasonal term

(1)

where v, A, B and C are parameters, t is the acquisition time, tIq is the Iquique earthquake time and τ is the relaxation120

time. Each time step in equation 1 is inversely weighted by the atmospheric phase screen amplitude to decrease the influence

of summer acquisitions and of outliers, as detailed in Lemrabet et al. (2023). We found that we cannot constrain the relaxation

time with InSAR data, as the time series starts seven months after the earthquake, moreover during a noisy summer season.

Therefore, we fixed τ to 45 days.

The estimations of v and A are anticorrelated as the variables t and log(1+ (t− tIq)/τ) are positively correlated over the125

time series duration. Because of this, and because of the large tropospheric noise during the summer seasons, we keep both,

the interseismic loading and the post-seismic relaxation to correct from the seasonal variations. Then we extract from InSAR

the cumulated displacement, dcumul, using:

dcumul = v× (tend − tstart)+A× log(1+ (tend − tIq)/τ)−A× log(1+ (tstart − tIq)/τ)

We correct the cumulated displacement from the interseismic loading effect using the predictions of coupling model of

Jolivet et al. (2020), projected into the Line Of Sight (LOS) and obtain LOS cumulated displacement maps of the post-seismic130

deformation. For track D054, we miss far-field InSAR information, where we could assume a zeroing post-seismic signal

(Figure 2). We choose to reference the cumulated post-seismic InSAR maps using GNSS data available within the tracks. As

will be shown in section 3.2, we computed the east, north and up components of the post-seismic GNSS time series between

tstart and tend, and project them in LOS (Figure 2). The differences between GNSS and InSAR cumulated post-seismic

displacements is fitted by a linear function of range and azimuth, that is then added to InSAR post-seismic maps.135

The obtained cumulative displacement maps of the ascending and descending tracks are presented in Figure 2. On the

ascending track (A149) on the left, a deformation pattern towards the LOS is clearly seen affecting the entire width of Chile.

On the descending track (D054) on the right, a pattern away from the LOS is seen, it has less amplitude and the general pattern

is less clear than the track A149. To obtain the trench perpendicular evolution of the cumulative displacement, the displacement

is extracted along a section by computing the mean value every 10 km, over 125 km on each side of the section.140

3.2 GNSS

The GNSS time series used in this study consist of 25 stations from different networks located in Chile (CSN, IPOC) and

Bolivia (UNAVCO) (Foster et al., 2014). Data processing is similar to Lovery et al. (2024) and position time series are available
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Figure 2. Maps of the InSAR cumulative displacements between October 2014 and December 2019, corrected from interseismic displace-

ment and referenced using GNSS data. Colored dots show the GNSS cumulative displacements during the InSAR-period, projected in the

LOS. Left: ascending track A149. Right: descending track D054. The red star shows the location of the epicenter of the Iquique earthquake

and the red lines the associated slip contours from Jara et al. (2018). The green star denotes the epicenter of the aftershock. The solid white

line shows the location of the section and the dotted white lines the section ±100 km.

through Socquet et al. (2023). The location of the stations is presented in Figure 1 and a map with the associated names can be

found in the Figure A1. Rinex data were processed using the GipsyX software version 1.5 from the Jet Propulsion Laboratory145

(JPL) (Bertiger et al., 2020). The phase ambiguity was resolved using wide-lane phase bias constraints provided by JPL. JPL’s

final orbit and clock products and NNR orbits are used. Bi-frequency observables are used to cancel ionospheric delays . The

vertical tropospheric zenith delays are inverted every 5 minutes and two horizontal gradients are accounted for per session

of 24 hours, using VMF1 (Boehm et al., 2006). Multi-path and phase center stability corrections are obtained with antenna

calibration tables and by averaging the GNSS positions to keep one position per 24h. The FES 2014b model is used to correct150

from ocean tide loading (Lyard et al., 2021). We then apply a Helmert transform to map the loose NNR solution in the IGS2014

(Altamimi et al., 2016), using the scaling, rotation and translation factors provided by JPL.

We analyze the time series between 2010 and 2022. Beginning in 2010 allows us to avoid the important contribution of

the post-seismic signal that followed the Mw7.7 2007 Tocopilla and the Mw8 1995 Antofagasta earthquakes. We are mostly

interested in the 8 years of post-seismic data following the Iquique earthquake in 2014, which allows us to study the post-155

seismic deformation process over a long time scale. For eight stations listed in Appendix A, the time series does not have
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sufficient data before the Iquique earthquake to make a robust estimate of a linear interseismic trend. In that case, we use

the interseismic trends predicted by the interseismic model from Jolivet et al. (2020). To be in the same reference frame as

the interseismic model from Jolivet et al. (2020), we rotated the time series in the South America stable reference (SOAM)

using the rotation between NNR-Nuvel-1A to SOAM (-25.4°N, -124.6°E, 0.11°/yr) and then account for a sliver modeled as a160

translation with a velocity of 5.4mm/yr to the North and 10.2mm/yr to the East (Jolivet et al., 2020).

To isolate the contribution of the post-seismic signal of interest in the GNSS time-series, and correct from other sources of

deformation (interseismic, co-seismic, antenna jumps, seasonal variations), we use a trajectory model inspired by Bevis and

Brown (2014) and developped by Marill et al. (2021). The position time series x(t) is modeled, for each station, with the

following relation:165

x(t) =xR + v(t− tR)︸ ︷︷ ︸
interseismic

+

2∑

k=1

[sksin(2kπ(t− tR))+ ckcos(2kπ(t− tR))]

︸ ︷︷ ︸
seasonal variations

+

nA∑

a=1

baH(t− ta)

︸ ︷︷ ︸
antenna changes

+

nJ∑

j=1

cJH(t− tJ)

︸ ︷︷ ︸
co-seismic

+mIqH(t− tIq)× log10(1+
t− tIq

τ
)

︸ ︷︷ ︸
post-seismic

(2)

with xR the initial position, tR the reference time, sk and ck seasonal variations amplitudes, nA the number of antenna

jumps and ta the time of the antenna jumps, ba the amplitude of the antenna jumps, nJ the number of co-seismic jumps, tJ the

time of the co-seismic jumps, cJ the amplitude of the co-seismic jumps, tIq the Iquique earthquake time, τ the relaxation time

of the Iquique earthquake, mIq the amplitude of the post-seismic relaxation of the Iquique earthquake and H the Heaviside170

function. The influence radius of an earthquake has been adapted from the Nevada Geodetic Laboratory and is given by:

r(MW ) = 10(0.5MW−0.8)/1.28km with MW , the magnitude of the earthquake. The parameters are inverted using a multi-step

iteration procedure (see Marill et al. (2021)). The fit of the trajectory model to the data is shown in the Figures A2 to A26 for

each station. For the initial fit, we consider a constant value of τR = 45 days, which might not be optimal for all the time series

but does not significantly impact the estimates of other parameters. Mismodeled signals will be preserved in the residuals time175

series. Our post-processed time series consists of the original data corrected from a linear interseismic term, seasonal terms

(annual and semi-annual), co-seismic offsets and antenna jumps, thus keeping only the displacements due to the post-seismic

relaxation and noise.

We then further analyze the post-Iquique time series, starting on the 4th of April, one day after the April 3rd Mw7.7

aftershock, so that our results are not affected by the co-seismic displacements of this aftershock. We select 25 stations located180

around a profile of 100 km width, centered on the co-seismic patch (See Figure 1). The time series from those stations is further

modeled to estimate the spatial variability in the amplitude (mi) and temporal evolution (τi) of the post-seismic signal between

the near-field (close to the trench) and the far-field. To do so, we fit the GNSS time series with a logarithmic model and a

variable time constant τi for each station i, using the equation:

8

https://doi.org/10.5194/egusphere-2026-2003
Preprint. Discussion started: 22 April 2026
c© Author(s) 2026. CC BY 4.0 License.



xi(t) =Ai +mi ∗ log10(1+
t− tIq
τi

) (3)185

where mi is the amplitude, τi is a time constant characterizing the relaxation and Ai is a constant corresponding to an offset

if the pre or co-seismic is poorly inverted. The GNSS time series contains considerable data gaps, in particular missing data

right after the earthquake for several stations, or missing data for the more recent time (see Figure 3). Our strategy to model

the post-seismic signal using equation 3 will thus vary depending on the completeness of the time series.

When the time series has data just after the earthquake, we fix the constant Ai so that the model and data equal 0 for the first190

data point. In that case, we invert for the amplitude mi and the time constant τi for the East component time series, as it has the

strongest signal amplitude. For the North and Vertical components, we only invert for the amplitude mi, with τi equal to the

value inferred for the East component. A grid search between the amplitude and the relaxation time is then done to estimate

the trade-off between the parameters, and obtain uncertainties for our time-series modeling (see Figure A27 for an example

of the grid search and uncertainty estimation). The time series is resampled using a logarithmic sampling to give more weight195

to the short-term data with respect to long-term trends in the model fit. The Root Mean Square (RMS) is calculated with the

following formula: RMSi =
√
(
∑nt

t (dlogobs(t)−xlog
i (t))2/nt) where dlogobs are the resampled data, xlog

i the logarithmic model

and nt the number of resampled data. The grid search gives the best combination of amplitude and relaxation time for the time

series. The data and best model fit are plotted in Figure 3. The uncertainty associated with a modeled time series is computed

using three times the RMS of the best model.200

For the stations without data for several months after the earthquake or with a post-seismic signal of very low amplitude

(SCRZ and URUS) (in grey on the Figure 3), we cannot constrain the relaxation time τi so we fix τi to the value inverted for the

closest station with enough reliable data: for the stations in Bolivia, in far-field, we imposed the one of COLC and for HMBS,

we imposed the relaxation time of CGTC. For these stations, we invert for the offset Ai in addition to the amplitude mi. We also

perform a grid search on the amplitude m and offset A to search for the best parameters and estimate uncertainties (see Figure205

A28). As for the stations with data just after the earthquake, the time series is resampled logarithmically. The best models for

different stations are plotted in Figure 3. We consider as acceptable the parameter range for which RMS ≤ 1.5×RMSbest,

RMSbest being the RMS of the best-fit model (see ellipse in Figure S27). We consider the highest and lowest amplitude models

from this range of acceptable models to build a lower and upper bound on the displacements for each time series, and estimate

the uncertainties on our time series.210

In the following, the data are presented either as time series to investigate the temporal evolution (Figures 5 and 13) or

spatially along a cross-section perpendicular to the trench (Figures 6 to 12, 14 and 15). In the cross sections, we plot the

cumulative displacements for two different periods: the short-term period from 3 days to 7 months after the mainshock, and

the long-term period from 7 months to 5.7 years after the mainshock. This second period corresponds to the acquisition period

of InSAR data. For the GNSS time series, if data are present for a given station and a given date, we use a mean position over215

10 days at that date. If the data are missing, we use the modeled time series (from equation 3) to extrapolate the position and
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Figure 3. East components of time series depicting post-seismic displacements for the selected 25 stations ordered by distance to the trench.

We can notice three subsets of stations as a function of the distance to the trench: the coastal stations from AEDA to HMBS (≤ 150 km from

the trench), the intermediate-field stations, from FBAQ to PB08 (between 150 and 250 km from the trench) and finally the far-field stations

from COLC to SCRZ (≥ 250 km from the trench). The stations are color-coded by the relaxation time inverted to fit each time series as in

Figure A1. The stations colored in grey are those with not enough data to constrain the relaxation time, then the relaxation time of the nearest

station is used to model the time series. The black curves are the modeled displacements using equation 3. The vertical grey line delineates

the two studied periods: the short-term period (P1) from 3 days to 7 months after the mainshock and the long-term period (P2) from 7 months

to 5.7 years after the mainshock. The map of the location of these stations can be found in Figure A1.
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estimate the displacement offset. Such extrapolated displacements are plotted in cyan on the cross-section, while if data are

available for the beginning and the end of the period, they are plotted in dark blue.

3.3 Complementarity and Correspondence between InSAR and GNSS observations

Both datasets bring complementary spatial and temporal information. GNSS time series provides continuous evolution of the220

position at precise points between the earthquake and 2022. Although the temporal sampling in InSAR is only 6 to 24 days,

and the time series is noisier than GNSS, a post-seismic signal is clearly visible in the InSAR time series, and its amplitude can

be extracted with great spatial coherency. InSAR data thus allow characterizing precisely the pattern of deformation and better

locating the main features of the signal. Because the Sentinel-1 satellite was launched 7 months after the earthquake, the early

stage of the post-seismic deformation cannot be assessed by InSAR. For GNSS, the period of observation varies depending on225

the stations and goes from the earthquake until 2022 for the most complete stations. Over the period covered by the InSAR

time series (27 October 2014 to 31 December 2019), we compare the cumulative deformation obtained by InSAR and GNSS,

with the GNSS displacements projected in the InSAR LOS. The Figure 2 shows that the same pattern is observed with both

datasets, with a global coherency in the amplitude despite a few outliers (see also Figure A28 for further comparison of the

amplitudes).230

4 Modeling Strategy

4.1 Structure of the Model

To explore and model the trench perpendicular post-seismic displacements, we used a 2-dimensional Finite Element Model.

We constructed the mesh with the software Coreform Cubit (2023) and computed the post-seismic relaxation and associated

surface deformation with the Pylith 2.2.2 software (Aagaard et al., 2013, 2017) published under the MIT license. To align our235

2D cross-section with the direction of maximum displacement, it is oriented with an angle of 9° with respect to the East which

represents a medium angle between the East-West direction and the trench perpendicular direction. The section passes by the

maximum of the mainshock co-seismic slip (Figure 1).

To avoid edge effects in the finite-element model, the section is 4000 km long: 1900 km on the oceanic side and 2100 km

on the continental side and the depth is 1000 km. We use triangles to mesh the structure. Their size is increasing from the fault240

plane with a cell size of 5 km on the fault to 100 km on the model edges. The obtained model is composed of 13525 cells. The

lateral sides are constrained with no displacement in the horizontal direction. The bottom has no vertical displacement. The

surface is free to move.

The Central Andes exhibit a topographic variation of 13 km from the trench to the Western Cordillera (Armijo et al., 2015).

Further inland, the Altiplano is characterized by a sustained high-elevation plateau of approximately 4000m. The Altiplano245

extends until it meets the Eastern Cordillera, where the topography gradually descends towards the Amazon basin. Our model
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Table 1. Exploration of the parameters

Parameter Name Explored range Optimal value

Afterslip depth Ad 30 - 50 km 36 km

Afterslip width Aw 16-28 km 24 km

Afterslip amplitude Aa 0.3-0.5 m 0.4 m

Altiplano elastic thickness h 10-35 km 25 km

Cold nose border dCN 80-95 km 84 km

Position of craton’s border xcraton 250-400 km 300 km

Oceanic viscosity ηoc 1.1020-5.1021 Pa.s 1.1021 Pa.s

Continental viscosity ηcont 8.1018-5.1020 Pa.s 3.1019 Pa.s

Maxwell weak zone viscosity ηMwz 8.1018-5.1020 Pa.s 2.1019 Pa.s

Kelvin weak zone viscosity ηKwz 8.1017-5.1018 Pa.s 2.1018 Pa.s

includes topography; we use the topography and the bathymetry of the global digital elevation model SRTM15+ (Tozer et al.,

2019) (Figure 4A and C). The delimitation of the surface of the slab is taken from Slab2 from Hayes et al. (2018).

The model is composed of 5 domains (Figure 4): (1) An oceanic elastic layer, (2) an oceanic visco-elastic layer, (3) a

continental elastic layer (including a cold nose and the craton), (4) a weak zone and (5) a continental visco-elastic layer.250

In the following the structure of the different domains is detailed. The structural parameter explored are indicated in red in

Figure 4 (Cold nose border dCN , Altiplano elastic thickness h, position of craton’s border xcraton). The values given in the

paragraph below correspond to the structure of our preferred model, and the range explored (if relevant) can be found in Table

1 and is detailed in section 4.3. Other structural parameters are fixed.

The oceanic elastic layer has a constant thickness of 60 km. The continental elastic layer has a variable thickness, with a255

maximum of 130 km. The continental elastic layer contains the cold nose (see section 1) from the trench until a vertical limit

intercepting with the slab at a depth of dCN = 84 km in our best model. Wada and Wang (2009) explore the location of the

decoupling depth between the cold nose, the slab and the mantle for several subduction zones with thermal modeling. They

found a decoupling depth of ∼ 80 km in northern Chile at about 23.5°S of latitude. Our result is consistent with the value

proposed by Wada and Wang (2009). Further inland, beneath the Altiplano, the elastic layer is thin (h= 25 km, see section 2)260

and is underlaid by a region characterized by a low viscosity (weak zone). From xcraton = 300 km to 600 km from the trench,

there is a linear transition towards the thick craton (see section 2) which has a depth of 130 km. These two elastic layers have

the same elastic parameters, given in Table 2. The weak zone, which strongly controls the post-seismic response of our models,

is delimited by 3 geometrical parameters that are explored (see Figure 4 and Table 1): the border with the cold nose with the

best value of dCN = 84 km on one side, the Altiplano elastic thickness with the best value of h= 25 km, and the border with265

the craton that is a taper between xcraton = 300 km and 600 km from the trench (for the best values). Below, the continental

visco-elastic mantle is set at 130 km depth. The limits with the oceanic and continental visco-elastic mantles are respectively

located below 60 km and 130 km.
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Figure 4. (A) Elevation along the cross section with the name of the different stations used in this study. The delimitation between coastal,

mid-field and far-field stations is shown. (B) Co-seismic and afterslip amplitude along depth in green and red, respectively. The explored

parameters of the afterslip are shown: the afterslip depth Ad, the afterslip amplitude Aa and the afterslip width Aw. (C) Structure of the

model showing the 5 domains considered: the oceanic slab in light blue, the oceanic mantle in blue, the continental elastic layer in green, the

weak zone in yellow and the continental mantle in orange. The parameters written in red are the ones that vary during this study. Along the

slab, the green and red lines indicate the respective locations of the co-seismic and post-seismic slips imposed in our model (also detailed in

(B)).

Table 2. Elastic parameters for the elastic and visco-elastic layers. ρ, designates the density, V s the S-wave velocity, V p the P-wave velocity,

E the Young modulus, µ the rigidity and ν the Poisson’s coefficient.

Layer ρ (kg.m−3) V s (km.s−1) V p (km.s−1) E (GPa) µ (GPa) ν

Elastic 3320 4.2 8.0 150 59 0.3

Visco-elastic 3450 4.5 8.3 180 70 0.29

The model contains three visco-elastic domains. For the oceanic and continental visco-elastic layers we consider a Maxwell

rheology while for the weak zone, the data require a transient relaxation time and we consider a Burgers rheology (see section270

1). We transposed the Burgers viscosity and rigidity parameters into the generalized Maxwell formulation, which is imple-

mented in Pylith (code available in the Appendix B1). The elastic parameters are given in Table 2 and the viscosities are in

Table 3.
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Table 3. Rheological properties of the different layers. ηM designates the Maxwell viscosity, ηK , the Kelvin viscosity and µK the Kelvin

rigidity.

Layer Rheology ηM (Pa.s) ηK (Pa.s) µK (GPa)

oceanic elastic elastic - - -

oceanic mantle visco-elastic 1.1021 - -

continental elastic elastic - - -

weak zone visco-elastic 2.1019 2.1018 136

continental mantle visco-elastic 3.1019 - -

4.2 Modeling of the Displacement

We separate the modeling into two independent simulations: in the first one we model the co-seismic displacement field, stress,275

and consequent visco-elastic relaxation, and in the second one we model the afterslip with a kinematic approach. The final

model and associated displacements correspond to the sum of the outputs from both models.

We first impose the co-seismic slip on the slab interface. Having an appropriate co-seismic model is crucial to model the

subsequent post-seismic signal. Given the limited temporal resolution of our data, the co-seismic slip considered contains both

the mainshock (Mw8.1) and its largest aftershock (Mw7.7) two days later. The slip distribution considered (see Figure 4B) is280

based on Jara et al. (2018). For the first simulation (co-seismic / visco-elastic), the co-seismic slip is imposed at the first time

step. It induces a stress change in the medium that is relaxed over time. The modeled post-seismic deformation, extracted at

the surface at the location of GNSS and/or InSAR points, is considered over the observation period of the data (from 3 days up

to 5 years after the mainshock).

To model the afterslip, we use a simple approach and impose the spatio-temporal kinematic of the slip on the slab. The285

afterslip distribution as a function of depth A(z) has a Gaussian shape A(z) = G(z)
max(G(z)) ×Aa with G(z) =

exp(−(
(z−Ad)

Aw
)2/2)√

2π×Aw

(see Figure 4B) where the afterslip amplitude Aa, its depth Ad, and the width of the afterslip zone Aw are among the parameters

tested (Table 1). The temporal evolution of the afterslip is controlled by a logarithmic function: A(t,z) =A(z)× log(1+ t
τa
).

The time constant τa for the afterslip is set to 17 days, which corresponds to the time constant found when using equation

(2) to model the time series for the stations closest to the trench, for which the afterslip can be considered as the dominant290

mechanism in the post-seismic phase.

4.3 Explored Parameters

Our modeling explores ten parameters (Table 1), which are detailed below. 3 parameters are associated with the afterslip, 3

with the structure of the weak zone and 4 parameters control the rheology of the visco-elastic regions.

We vary (1) the depth of maximum slip Ad between 30 to 50 km (2) the width of the Gaussian Aw between 16 and 28 km295

and (3) the amplitude of the slip Aa between 0.3 and 0.5 meters (see Figure 4B and Table 1). The amplitude Aa corresponds to
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the maximum displacement after 7 months. The total displacement (after 6 years) is about twice the slip over the first 7 months.

We initially set the afterslip values from the afterslip distribution of Hoffmann et al. (2018).

Three parameters correspond to the structure of the low-viscosity layer. (4) The thickness of the elastic layer under the

altiplano h is varied from 10 to 35 km. (5) The position of the border between the elastic cold nose and the weak zone dCN .300

It is constrained by the decoupling depth on the interface. dCN is varied between 80 km and 95 km depth. The last structural

parameter is (6) the border between the weak zone and the elastic craton, which is controlled by the position of the point

xcraton, which is varied between 250 to 400 km from the Trench. xcraton marks the end of the flat upper limit of the weak

zone. For x > xcraton, the depth of the weak zone increases with a constant slope, and the elastic craton becomes thicker. The

weak zone terminates at a depth of 130 km, and a distance xcraton = 300 km from the Trench.305

The Maxwell viscosity of the oceanic visco-elastic layer (7) ηoc is explored between 1× 1020 and 5× 1021 Pa.s, the

continental mantle (8) ηcont and the Maxwell weak zone (9) ηMwz viscosities are tested between 8× 1018 and 5× 1020 Pa.s.

On the low viscosity layer, (10) the Kelvin viscosity of the Burgers rheology ηKwz is also varied between 8×1017 and 5×1018

Pa.s.

4.4 Comparing Data and Models310

To evaluate the range of model parameters that can adequately explain the observed surface displacements, we evaluate the

misfit between our datasets and the model predictions. We then determine our preferred model and investigate the influence of

each model parameter by varying the parameter ranges around the best model.

The evaluation of the agreement between observed surface displacement and model prediction is performed separately for

GNSS and InSAR data. We first make visual comparisons between data and model over two observation periods: the short-term315

period (P1, from 3 days to 7.3 months), where only GNSS data are available, and the long-term period (P2, from 7.3 months to

5.72 years after the earthquake), where both GNSS and InSAR are available. The amplitudes of surface displacements along

the profile for GNSS (horizontal and vertical, periods P1 and P2) and InSAR (Ascending and descending track, period P2), are

shown in Figures 6 to 12, 14 and 15. These figures allow us to examine the spatial pattern of the model and the influence of the

tested parameters on the modeled surface displacements.320

We also make a quantitative evaluation of the fit between surface observations and models by computing the reduced Chi-

Square for all datasets. For the GNSS data, the χ2
GNSS is computed from the displacement time series. For each time series i,

the χ2
iGNSS

is defined as

χ2
iGNSS

=

nt∑

t=1

(dlogiGNSS
(t)−mlog

iGNSS
(t))2

σ2
iGNSS

(4)

The global horizontal and vertical Chi squares are then computed by summing the estimations from individual stations with325

χ2
HGNSS

=
∑NH

n=1χ
2
iHGNSS

and χ2
VGNSS

=
∑NV

i=1χ
2
iVGNSS

where NH and NV are the number of horizontal and vertical time

series. The uncertainties for each station i are estimated based on the dispersion (RMS) of the data around the post-seismic

time series fit from equation 3: σiGNSS
= 3×RMSibest .
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For the InSAR data, since the time series is noisy, the comparison between data and model is made directly on the estimation

of the amplitude over the observation period. The cumulative InSAR displacement (in the radar LOS) over the observation330

period (Figure 2) is estimated for each pixel from the trajectory model of equation 1. We then subsample the InSAR map,

considering NI InSAR points located every 10 km along the cross-section. The subsampled displacements diInSAR
are the

median values across the 100 km wide section, and σiInSAR
is 1.4826 times the median absolute deviation (see grey dots and

shaded grey region in the profiles E and F in Figures 6 to 15).

For each InSAR track, we evaluate the adjustment between the data diInSAR
and the model miInSAR

(modeled surface335

displacements projected in the radar LOS) by:

χ2
InSAR =

1

NI

∑NI

i=1(diInSAR
−miInSAR

)2

σ2
InSAR

(5)

The influence of the horizontal and the vertical on the InSAR displacements depends on the LOS of the acquisition. The

InSAR is more sensitive to the vertical component bringing then another way to measure vertical displacements. For the

horizontal component, it is more sensitive to the East-West displacements almost ignoring the North-South one.340

In the following, we evaluate the influence of the different model parameters. In Figures 7 to 15, we compare observed

surface displacements to model predictions along cross-sections at a short time scale (subplots A and B, GNSS data only), and

a longer time scale (subplots C and D for GNSS, F and G for InSAR), and also by evaluating the variation in χ2 with model

parameters (subplots E) for horizontal (χ2
HGNSS

) and vertical (χ2
VGNSS

) GNSS and ascending (χ2
AInSAR

) and descending

(χ2
DInSAR

) InSAR tracks.345

5 Results

5.1 Evidence of for the Need for Both Processes: Afterslip and Visco-elastic Relaxation

The GNSS time series (Figure 3) shows that on average, the time constant associated with the post-seismic deformation tends to

increase with increasing distance from the trench: the mean time constant, when estimated over the complete 8-year time series,

is 17 days for coastal stations and up to 31 days in Bolivia. These variations indicate that different processes are combined350

at different spatial and temporal scales in the post-seismic signal. To decipher between these processes, we consider that at a

short time scale, and close to the earthquake rupture, afterslip must be the dominant mechanism and thus explain most of the

observed signal. The afterslip is a relaxation phenomenon of the fault plane that surrounds the co-seismic slip. It mostly impacts

the coastal stations that are the nearest to the fault interface. Instead, the visco-elastic relaxation is happening in the mantle and

in the weak zone and has a spatial signature with a large wavelength. That is why at the trench, the displacement observed is355

mainly due to the afterslip. We use the average time constant of the coastal stations (AEDA to HMBS) τafterslip = 17 days to

constrain the evolution of the afterslip.

The respective contribution of afterslip and visco-elastic deformation for our best model (see below for the justification of

model parameters) is shown in Figure 5 for the temporal evolution along with GNSS time series, and in Figure 6 for the spatial
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signal along a cross-section. We see that afterslip (green curve) is the dominant process at a short time scale during the months360

following the earthquake (Figure 6A and B) and that its contribution is dominant mostly at coastal stations (e.g. PSGA and

ATJN in Figure 5). Over a longer time scale (Figure 6 C, D, E, F), and in the far-field (e.g. COLC and BDJC in Figure 5),

visco-elastic relaxation (blue curve) becomes significant. We can observe that although the contribution of afterslip and visco-

elastic deformation add up on the horizontal component (Figure 6 A and C), they can produce deformation of opposite signs

on the vertical (Figure 6 B and D). Thus visco-elastic deformation is needed to explain the observed uplift pattern. Due to the365

differences in acquisition geometry, the ascending track is more sensitive to the visco-elastic deformation than the descending

track which is more sensitive to afterslip (Figure 6 E and F). InSAR data computed on both ascending and descending tracks

are therefore useful to help discriminate between the different processes.

5.2 Afterslip

In section 5.1, we show that the afterslip is predominant at short time scales (a few months), and we have set its temporal370

evolution (logarithmic decay with a time constant of 17 days) so that it reproduces the observed displacement at the coastal

stations. The depth of the afterslip (Ad) mostly induces a horizontal offset of the modelled curve in near field ( Figure B2).

The width of the afterslip pulse (Aw) (Figure B3) as well as the maximum slip value (Aa) (Figure B4) control the amplitude

of the surface displacements associated with afterslip. Best fitting parameters are Aw = 24 km and Aa = 0.4 m, more results

are detailed in the Appendix B. Our optimal afterslip model, presented in Figure 4B, gives a maximum slip at a depth Ad = 36375

km, it is located below the co-seismic slip (which extends between 22 and 34 km depth). Some afterslip overlaps up-dip with

the co-seismic slip, and it extends downdip down to 60 km depth.

5.3 Structure

We then investigate how our data bring constraints on the structure and rheology of the crust and upper mantle, and more

precisely on the weak zone beneath the Altiplano. Here, we explore how the geometry of this weak zone influences the modeled380

displacements at the surface. The rheological parameters correspond to our best model and are not varied. Their influence is

discussed in the next section. Geophysical studies and thermo-mechanical models give some constraints on the thickness of

the elastic layer h beneath the Altiplano. In our models, we varied h between 10 and 35 km, and as expected, we observe that

a thicker elastic crust produces surface displacement of longer wavelength and lower amplitudes. We find an optimal value

for h= 25 km (Figure 7) which gives the best compromise in fitting the GNSS components together with both InSAR tracks.385

This thickness is compatible with the values found in the literature for thermo-mechanical models (Araya Vargas et al., 2021;

Springer, 1999).

We then studied the lateral extension of the weak zone across the Altiplano: we vary the position of its limit trenchward

which is constraints by its depth (dCN , marking the downdip end of the elastic cold nose). Its inland limit gradually deepens

over 300 km, and we varied the position xcraton that marks the beginning of the thickening of the elastic crust at the transition390

with the Brasilian craton. The cold nose limit controls the position of the maximum uplift pattern seen in the vertical component

(Figure 8). The ascending InSAR track brings the strongest constraint on the optimal location of the cold nose limit (dCN = 84
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Figure 5. Temporal evolution of the post-seismic displacements and predictions of the best model for coastal stations (PSGA and ATJN),

intermediate-field stations (FBAQ and PCHA) and far-field stations (COLC and BDJC). For each station, the top subplot shows the horizontal

displacement and the bottom one, the vertical displacement. Grey dots with error bars show the GNSS data with the associated uncertainties.

The colored lines are the modeled displacements: the blue curve is the visco-elastic contribution and the green curve is the afterslip contri-

bution. The red curve is the total modeled displacement, combining afterslip and visco-elastic displacements. The best model parameters are

presented in the table 1.
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Figure 6. Cross section of the best model along with GNSS and InSAR data for different periods. On all plots, the x-axis is the distance from

the trench along the section. The green, blue and red curves represent respectively the afterslip, visco-elastic and total displacement predicted

by the best model. Subplots A and B represent respectively the horizontal and vertical cumulative displacement in millimeters from 3 days to

7.3 months. Subplots C, D, E and F represent respectively the horizontal, vertical, LOS of the InSAR track A149 and LOS of the InSAR track

D054 cumulative displacement in millimeters from 7.3 months to 5.72 years. Dark blue points represent the displacement extracted from the

data with the associated error bars. Cyan points represent the displacement extrapolated from the trajectory model fit for the time series with

missing data (Figure 3). Subplots E and F are the cumulative InSAR displacement from 7.3 months to 5.72 years after the earthquake, in

the Radar LOS for the tracks A149 and D054 respectively. The grey curve represents the median value of the InSAR and the grey envelope,

1.4826 times the median absolute deviation.

km). Note that a model without cold nose does not produce vertical uplift, as already discussed by Luo and Wang (2021a),

and would thus not fit the data. Varying the landward limit of the low-viscosity zone will affect the amplitude and shape of

the post-seismic relaxation in the intermediate and far-field, a shorter weak zone inducing smaller displacements (Figure 9).395

We find an optimal position of xcraton = 300 km, which makes the shallow section of the weak zone 90 km wide below the

Altiplano before it starts to deepen.

5.4 Rheology

We finally investigate the influence of rheological parameters, in the weak zone as well as in the oceanic and continental

mantles. The tests made with variable viscosity in the oceanic mantle show its influence on the modeled displacements near the400

trench. They show that no significant visco-elastic relaxation in the oceanic mantle during the observation period is required to
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Figure 7. Exploration of the elastic layer thickness h. The subfigures A, B, C, D, E and F show the same organization as in figure 6. (G) draws

the evolution of the different χ2 with the tested parameter. The pink curve corresponds to the horizontal χ2, the blue curve to the vertical χ2

and the green curve to the χ2 of the InSAR A149. The scale changes following the component. An elastic layer thickness h= 25km best

fits the pattern observed in the data.

fit the data. We select ηoc = 1021Pa.s (i.e. quasi-elastic behaviour during the observation period, with a relaxation time of 450

years), lower viscosity values inducing a significant misfit to the coastal stations and near-field ascending InSAR track (Figure

10). The viscosity of the continental mantle influences the amplitude of the intermediate and far-field displacements over the

period P2 (Figure 11). We set ηcont = 3× 1019, a value that captures the amplitude of the horizontal and vertical deformation405

in the intermediate-field, while also providing a reasonable fit to the far-field data.

The rheological properties in the weak zone are tested in Figures 12 to 15. First, we tested the rheological law that controls

the propagation of the deformation in the medium. We tried the Maxwell and the Burgers rheologies. The Burgers rheology

is the combination of a Maxwell body and a Kelvin body. It allows for a transient relaxation at smaller characteristic times.

In Figure 13, we see that during the first year, there is a lack of displacements using the Maxwell rheology while the Burgers410

rheology fits the temporal evolution for the first year and in the longer term. Spatially, at short-time scales (Figure 12A and

B), we see more effects due to the visco-elasticity. It improves the fit on the vertical because the afterslip leads to too much

subsidence between 150 and 300 km, the visco-elastic relaxation produces uplift, then it compensates the afterslip and the data

are well fitted using a Burgers rheology.

The data fit is thus significantly improved by considering a Burgers rheology instead of a Maxwell rheology in the weak zone.415

The parameters of this Burgers rheology have been investigated in Figure 14 (viscosity ηMwz of the Maxwell component in
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Figure 8. Variation of the cold nose border dCN . The subfigures A, B, C, D, E and F show the same organization as in figure 6. (G) shows

the same organization as in figure 7. The limit between the cold nose and the weak zone at dCN = 84km depth best fits the pattern observed

in the vertical displacements and on the track A149.

the Burgers rheology), and Figure 15 (viscosity ηKwz
of the Kelvin component of the Burgers rheology). Varying the Maxwell

viscosity will mostly control the amplitude of the visco-elastic deformation pattern over the period P2 (long time scale). We

find an optimal value of ηMwz
= 2× 1019 Pa.s that provides the best fit to the vertical GNSS data and InSAR Ascending track

(Figure 14 D and E). Changing the viscosity of the Kelvin element will affect both periods (P1 and P2), and mostly vary420

the amplitude (Figure 15). We select ηKwz = 2× 1018Pa.s, 10 times smaller than the Maxwell viscosity which is typical for

visco-elastic simulations incorporated Burgers rheologies (Luo and Wang, 2021a).

6 Discussion

6.1 Limitations of the model

Models are simplifications of natural processes. Our models involve important limitations. First, we exclude gravitational body425

forces in our viscoelastic simulations. Including gravity often prevents the system from reaching a stable initial state, as the

model continues to relax under its own weight (Aagaard et al., 2017). To avoid this numerical instability and ensure consistency

across all simulations, gravity is omitted. Second, we make a 2D simplification of a 3D process and we use a simplified structure

below the Andes. This was done on purpose to meet the objective of the study : assess the geometry of the weak zone and its
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Figure 9. Exploration of the craton border xcraton. The subfigures A, B, C, D, E and F show the same organization as in figure 6. (G) shows

the same organization as in figure 7. A limit between the craton and the weak zone at xcraton = 300km from the trench along the x-axis fits

the best the pattern observed in the data.

rheology over the decadal time scale by performing a parametric exploration. Like in any parametric model, it is necessary430

to limit the amount of variables to be explored, and a simplified geometry avoids having to explore too many trade-offs. A

model meant to reproduce the full 3D displacement field would definitely require a 3D geometry. However previous studies

have shown that to assess the trench perpendicular structure, such as the cold nose or the transition between the weak zone

and the craton, a 2D assumption provides reasonable results, comparable to 3D simulations at the first order (Luo and Wang,

2021b, 2022). The other important result from our study is the necessity of using a Burgers rheology in the weak zone to435

explain the temporal evolution of afterslip versus visco-elastic in near field versus far field. As this is mostly constrained by the

relative amplitude of the measured signal, using a 2D model should not introduce a strong bias.

6.2 Influence of Rheological Discontinuities in the Vertical Displacement Field

Previous studies on the post-seismic deformation following the Iquique earthquake exhibit a significantly larger misfit in the

vertical component compared to the horizontal component (Hoffmann et al., 2018; Hu et al., 2021). The vertical component440

presents higher uncertainties and is then generally less well reproduced for the benefit of the horizontal component. Therefore,

vertical displacements are better defined when multi-year time windows are analyzed, as in this work. The visco-elastic re-

laxation has a strong influence on the vertical component (Li et al., 2017; Luo and Wang, 2021a) and some of the parameters
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Figure 10. Exploration of the oceanic viscosity ηoc. The subfigures A, B, C, D, E and F show the same organization as in figure 6. (G) shows

the same organization as in figure 7. An oceanic viscosity ηoc = 1.1021Pa.s best fits the pattern observed in the data.

Figure 11. Exploration of the continental viscosity ηcont. The subfigures A, B, C, D, E and F show the same organization as in figure 6. (G)

shows the same organization as in figure 7. A continental viscosity of ηcont = 3.1019Pa.s best fits the pattern observed in the data.
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Figure 12. Comparison between Maxwell and Burgers rheologies in the weak zone. The organization of the figure follow the one of the 6.

Here the curves are color-coded the same way as in the figure 13. The red curve is the best model and the green curve represents a model

with a Maxwell instead of a Burgers rheology in the weak zone.

we have explored can only be assessed by looking at the vertical deformation (dCN , ηoc, ηMwz
). In particular, the inclusion

of InSAR data in this study allows us to better constrain the vertical deformation, as InSAR data are highly sensitive to the445

vertical component. The data used therefore enable us to better explore these processes. The evolution of the misfit on the

horizontal and the vertical for a given parameter is often opposed. But it is possible to reconcile them. Notably, the addition

of a cold nose together with a weak zone is necessary to reproduce the observed vertical displacement field. The addition of

a Burgers rheology allows to predict a different pattern at short time scale and allows to fit the early uplift on the Altiplano

(Figures 12and 13).450

6.3 Far-field Subsidence

The post-seismic deformation following large subduction earthquakes shows far-field subsidence and was already described

for the Mw8.8 Maule earthquake (Li et al., 2017) or the Mw9.1 Tohoku Oki earthquake (Li et al., 2020). This pattern is of

low amplitude and long wavelength. In this study, it is not clear if a far-field subsidence is seen or not. The Bolivian far-field

data are affected by high uncertainties due to the lack of data before the Iquique earthquake and several data gaps. Indeed,455

most stations in Bolivia start to register only ∼6 months after the earthquake, and only 2 or 3 years of data are available.

We therefore have to extrapolate the post-seismic displacements using a model assuming a given interseismic velocity, that
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Figure 13. Temporal evolution of the post-seismic displacements at coastal stations (PSGA and ATJN), intermediate-field stations (FBAQ

and PCHA) and far-field stations (COLC and BDJC). For each station, the top subplot shows the horizontal displacements and the bottom

one, the vertical displacements. Grey dots with lines show the GNSS data with the associated uncertainties. The red curve shows the best

model with a Burgers rheology in the weak zone. The green curve shows the model with a Maxwell rheology instead of a Burgers in the

weak zone.
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Figure 14. Exploration of the Maxwell viscosity ηMwz in the weak zone. A lower viscosity induces more displacement. It impacts mainly

the long-term period. The subfigures A, B, C, D, E and F show the same organization as in figure 6. (G) shows the same organization as in

figure 7. A Maxwell viscosity for the weak zone of ηMwz = 2.1019Pa.s best fits the pattern observed in the data.

likely propagates uncertainties. Since the InSAR time series is flattened on the GNSS displacements, any reference issue in

the GPS will propagate in the InSAR flattening (a ramp correction that does not affect the pattern of deformation). These large

uncertainties in the eastern side of our data set, make it difficult to decipher between zero displacement and small subsidence.460

If a subsidence exists, its amplitude is very low. The amplitude of the far-field subsidence may be linked with the magnitude of

the earthquake. As the magnitude of the Iquique earthquake is lower (Mw8.1) than the Maule or Tohoku earthquakes, it may

imply an amplitude of subsidence that is small and close to the limit of detection.

6.4 Structure of the Weak Zone

The final model obtained contains a weak zone below the Western cordillera between 210 km and 300 km from the trench,465

which progressively deepens under the Altiplano. The extent of the weak zone corresponds to the high topography of the Andes

and the associated crustal root that is particularly deep in this region. The boundary between the cold nose and the weak zone

represents the depth of decoupling between the slab and the overriding plate. Above, the plates are decoupled, below plates

are viscously coupled and the the slab drags the continental plate at depth. It creates a flow and this region is hot enough

for partial melting. This is not the case above the decoupling depth where there is no flow and the region is then colder. The470

depth of decoupling has been studied by Wada et al. (2008) and Wada and Wang (2009). They found a depth of ∼ 80 km.
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Figure 15. Exploration of the Kelvin viscosity ηKwz in the weak zone. The subfigures A, B, C, D and E show the same organization as in

figure 6. (G) shows the same organization as in figure 7. A Kelvin viscosity for the weak zone of ηKwz = 2.1018Pa.s best fits the pattern

observed in the data.

Our preferred model shows a decoupling depth of 84 km which is close to the one found by Wada and Wang (2009). The heat

flow from the thermo-mechanical model is not well constrained in northern Chile because of few measurements in that region.

At depth, this weak zone extends from 25 km depth (corresponding to the thickness of the elastic Altiplano) down to 130 km

depth. At greater depths, the visco-elastic continental mantle takes over. The weak zone is located downdip the volcanic arc. A475

weak viscosity in this area is expected due to increased temperature and hydration causing partial melting below the arc. This

weak zone indeed corresponds to a hotter area following temperature models (Araya Vargas et al., 2021; Springer, 1999) from

210 km from the trench and diminishing progressively from 300 km. It is also confirmed by the presence of hydrated phases

imaged by magneto-telluric data (Araya Vargas et al., 2019) and seismic (Gao et al., 2021; Yuan et al., 2000). In our model,

the border between the low-viscosity area and the craton is modeled by a slope. This is a way to represent the variation of480

the viscosity. As shown by the temperature models by Araya Vargas et al. (2021) and Springer (1999), the temperature slowly

diminishes, implying that the viscosity may also slowly increase in the eastern part of the Altiplano. The two limits of the taper

may therefore rather represent the viscosity gradient than an actual geometry.
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7 Conclusions

To fit the post-seismic surface displacements of the 2014 Mw8.1 Iquique earthquake, we use a model that includes a weak485

zone beneath the Altiplano. In the corner of the continental mantle, elastic behavior of the cold nose is required to produce the

uplift seen at the surface. Further east, the weak zone, extends from 210 km from the trench at a depth of 25 km and deepens

at 300 km. This region behaves as a Burgers rheology with a Maxwell viscosity of 2.1019 Pa.s and a transient Kelvin viscosity

of 2.1018 Pa.s. The exploration of the viscosities shows that the viscosity of the continental mantle is lower than that of the

oceanic mantle, the latter being so high that it does not relax in the 8-year period considered.490

InSAR data brings spatial continuity to the dataset. While GNSS data are available at some points only, InSAR continuously

covers a region and brings consistency to the displacement pattern. It allows us to better define the pattern observed: what is

the shape, the extent and the location of the post-seismic deformation, which is in direct link with the underlying structure.

In addition, it provides useful constraints on the vertical component with lower uncertainties than the GNSS data. The InSAR

tracks cover the Altiplano above the weak zone and all the uplift area, which allows to point the location of the maximum uplift495

and how it diminishes.

Our preferred model incorporates a cold nose, this near trench elastic area predicted by thermal models (Wada and Wang,

2009) governs the displacements observed above that region because it drives the mantle flow at the border with the weak zone.

The transition from elastic to visco-elastic with a low viscosity creates an uplift above the boundary. Without this cold nose

we would be unable to reproduce the observed uplift pattern with the model. The modeling performed here shows that surface500

displacements can only be matched with the presence of this rheological contrast, confirming the need for a cold nose derived

from thermo-mechanical behaviour. The cold nose ends with the decoupling depth which allows the mantle below to flow and

react visco-elastically.

We show that below the western part of the Altiplano, the viscosity should be low (ηMwz
= 2.1019Pa.s). This is required

by the amplitude of the uplift pattern over this area. The location is well resolved thanks to the InSAR data. The location is in505

good agreement with the Andean structure. The western boundary correlates with the western cordillera hosting the volcanic

arc. This weak zone therefore correlates with the place of melting of the magma, which should be characterized by a lower

viscosity due to partial melting.

Another key point demonstrated by this study is the need to use a Burgers rheology instead of a Maxwell rheology within

the weak zone. Our data require the need for a transient viscosity to fit the vertical pattern observed at short time scales, i.e.510

during the months following the earthquake. During this period, we need a combination of afterslip on the fault plane and

visco-elastic relaxation at short time scales to explain the pattern and amplitude of the vertical displacements. Also, we can see

in the time series, but also by comparing the early and late periods on the sections, that by fitting the long-term displacements

with a Maxwell rheology, there is a lack of amplitude due to the visco-elasticity in the early stage. The continental mantle is too

deep (below the weak zone) to affect the surface data or is further east where the data quality is lower. The viscosity required in515

the oceanic mantle is high enough that the characteristic time is higher than the time span of this study. That is why, the use of
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a Burgers rheology will not affect the results. The temporal evolution of the deformation therefore requires a Burgers rheology

rather than a Maxwell rheology in the weak zone below the Altiplano.
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Appendix A: Relaxation times and trajectory models

Figure A1 shows the relaxation time estimated at each station. Figures A2 to A26 show the trajectory model estimated for each

station and its fit to the position time series. The stations are ordered by distance to the trench.
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Eight stations have not enough data to constrain the interseismic and we use the interseismic from Jolivet et al. (2020) instead

of the one inverted from the data. Ordered by distance to the trench, these stations are: PB11, BDEC, BWSZ, BLOV, BRDQ,755

AMDE, BDJC, RDEO.

Figure A27 shows an example of grid search exploration for estimating the amplitude and the relaxation time. Figure A28

shows the agreement between InSAR and GNSS.
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Figure A1. Map of the studied area presented the location and the name of the GNSS stations. Triangles are color-coded by the relaxation

time. The grey colour stands for stations which does not have enough early data to constrain the relaxation time.
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Figure A2. Trajectory model for the station AEDA. The three subplots present the three component of the displacement against the time.

The blue dots present the data and the red curve the trajectory model inverted for each component. Pink lines present the dates of antenna

changes. Yellow lines co-seismic jumps for earthquakes without modeled post-seismic and the orange line present the date of the co-seismic

jump of the Iquique earthquake for which the post-seismic relaxation is modeled.
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Figure A3. Trajectory model for the station BN01.
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Figure A4. Trajectory model for the station UAPE.

40

https://doi.org/10.5194/egusphere-2026-2003
Preprint. Discussion started: 22 April 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure A5. Trajectory model for the station ATJN.
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Figure A6. Trajectory model for the station IQQE.
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Figure A7. Trajectory model for the station PSGA.
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Figure A8. Trajectory model for the station CGTC.
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Figure A9. Trajectory model for the station HMBS.
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Figure A10. Trajectory model for the station FBAQ.
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Figure A11. Trajectory model for the station PB11.
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Figure A12. Trajectory model for the station MNMI.
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Figure A13. Trajectory model for the station PCHA.
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Figure A14. Trajectory model for the station PICC.
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Figure A15. Trajectory model for the station CHM2.
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Figure A16. Trajectory model for the station PB08.
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Figure A17. Trajectory model for the station COLC.
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Figure A18. Trajectory model for the station BDEC.
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Figure A19. Trajectory model for the station BWSZ.
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Figure A20. Trajectory model for the station BLOV.
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Figure A21. Trajectory model for the station BRDQ.
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Figure A22. Trajectory model for the station AMDE.
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Figure A23. Trajectory model for the station BDJC.
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Figure A24. Trajectory model for the station URUS.
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Figure A25. Trajectory model for the station RDEO.
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Figure A26. Trajectory model for the station SCRZ.
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Figure A27. Example of a grid search of the exploration of the accepted values for the amplitude and the relaxation time (Tau) for the East

component of the station MNMI. (A) Grid search for the fit of the times series between the amplitude and the relaxation time. The color

shows the misfit computed with the L2 norm with the time as a logarithmic scale. The red cross is the best model found. The green and blue

ones represent respectively the models with the minimum and maximum amplitude inside 3×RMSbest_model. The orange star corresponds

to the simple model inverted with the time in a non-logarithmic scale. (B) Time series of the data represented with grey points and the

different models which correspond to the ones described in the subfigure A.
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Figure A28. Comparison of the post-seismic displacement amplitudes measured from GNSS and InSAR. GNSS displacements are projected

in the Line Of Sight (LOS). The InSAR data are extracted from the displacement map. Points on the line x=y indicate that the amplitude

measured from GNSS and InSAR are the same. Red and blue points are the LOS displacements of track A149 and D054, respectively.
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Station Relaxation time (days)

AEDA 14.5

BN01 23.0

UAPE 19.5

ATJN 13.0

IQQE 12.0

PSGA 19.0

CGTC 18.5

HMBS same as CGTC

FBAQ 21.5

PB11 11.5

MNMI 25.8

PCHA 16.5

PICC 30.4

CHM2 14.5

PB08 23.0

COLC 21.5

BDEC, BWSZ, BLOV,

BRDQ, AMDE, BDJC, same as COLC

URUS, RDEO, SCRZ
Table A1. Relaxation times for the selected stations
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Appendix B: Further details on the modeling

B1 Python’s code to transpose from Burgers formulation to generalized Maxwell760

def Burgers4PyLith(shear_modulus_Kelvin,viscosity_Kelvin,shear_modulus_Maxwell,

viscosity_Maxwell):

# calculate the four parameters p_1, p_2, q_1 and q_2

p_1 = viscosity_Maxwell/shear_modulus_Maxwell

+ viscosity_Maxwell/shear_modulus_Kelvin + viscosity_Kelvin/shear_modulus_Kelvin765

p_2 = viscosity_Maxwell/shear_modulus_Maxwell

* viscosity_Kelvin/shear_modulus_Kelvin

q_1 = viscosity_Maxwell

q_2 = viscosity_Maxwell*viscosity_Kelvin/shear_modulus_Kelvin

# calculate the constant A770

A = np.sqrt(p_1**(2)-4*p_2)#

# calculate hat_mu_1 and hat_mu_2

hat_mu_1 = (q_1-q_2*(p_1-A)/(2*p_2))/A

hat_mu_2 =(q_2*(p_1+A)/(2*p_2)-q_1)/A

# calculate the relaxation times tau775

tau_1 = (2*p_2)/(p_1-A)

tau_2 = (2*p_2)/(p_1+A)

# calculate the total shear modulus

total_shear_modulus = hat_mu_1+hat_mu_2

# calculate the shear modulus780

mu_1 = hat_mu_1/total_shear_modulus

mu_2 = hat_mu_2/total_shear_modulus

# calculate the viscosities

viscosity1 = hat_mu_1 * tau_1

viscosity2 = hat_mu_2 * tau_2785

return(mu_1,viscosity1,mu_2,viscosity2,total_shear_modulus)

B2 Results of the afterslip exploration

Here, we discuss the location and amplitude of the afterslip patch in our 2D model.

We vary the depth of the afterslip patch, which also changes its distance to the trench (Figure B2). Varying the depth mostly

induces a horizontal offset of the model curve, the strongest constraint here being the fit to the vertical displacements at the790
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coastal stations (Figure B2 B and D). Our optimal model is selected with an afterslip mean depth of 36 km (i.e. 90 km from

the Trench).

The width of the afterslip pulse (Figure B3) as well as the maximum slip value ( Figure B4) control the amplitude of the

afterslip surface displacement. We perform a grid search over amplitude Aa and width Aw (see Figure B1) to assess the best

fit to the coastal stations and find Aw = 24 km and Aa = 0.4 m. These values predict the minimum horizontal misfit for all795

stations in Figures B3 and B4.
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Figure B1. Grid search between afterslip amplitude Aa and the afterslip width Aw for the coastal stations where these parameters have the

most influence. The preferred model parameters are highlighted by a red square.
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Figure B2. Test of the afterslip position Ad. The subfigures A, B, C, D, E and F show the same organization as in Figure 6 in the main paper.

(G) shows the same organization as in Figure 7 in the main paper. Here the value of the position of the afterslip along the interface is tested.

From this figure, we can conclude that an afterslip centred around 90 km from the trench fits the best the pattern observed in the data.
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Figure B3. Exploration of the afterslip width Aw. The subfigures A, B, C, D, E and F show the same organization as in Figure 6 in the

main paper. (G) shows the same organization as in Figure 7 in the main paper. From this figure, we can conclude that an afterslip width

Aw = 24km best fits the pattern observed in the data.
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Figure B4. Exploration of the afterslip amplitude Aa. The subfigures A, B, C, D, E and F show the same organization as in Figure 6 in the

main paper. (G) shows the same organization as in Figure 7 in the main paper. An afterslip amplitude Aa = 40cm after 6 months best fits the

pattern observed in the data.
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