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Abstract—The surface deformation associated with the 2010

Mw 8.8 Maule earthquake in Chile was recorded in great detail

before, during and after the event. The high data quality of the

continuous GPS (cGPS) observations has facilitated a number of

studies that model the postseismic deformation signal with a

combination of relocking, afterslip and viscoelastic relaxation

using linear rheology for the upper mantle. Here, we investigate

the impact of using linear Maxwell or power-law rheology with a

2D geomechanical-numerical model to better understand the rel-

ative importance of the different processes that control the

postseismic deformation signal. Our model results reveal that, in

particular, the modeled cumulative vertical postseismic deforma-

tion pattern in the near field (\ 300 km from the trench) is very

sensitive to the location of maximum afterslip and choice of

rheology. In the model with power-law rheology, the afterslip

maximum is located at 20–35 km rather than[ 50 km depth as

suggested in previous studies. The explanation for this difference

is that in the model with power-law rheology the relaxation of

coseismically imposed differential stresses occurs mainly in the

lower crust. However, even though the model with power-law

rheology probably has more potential to explain the vertical

postseismic signal in the near field, the uncertainty of the applied

temperature field is substantial, and this needs further investiga-

tions and improvements.

1. Introduction

At subduction zones, the sudden release of strain

that has accumulated over tens to hundreds of years

repeatedly produces the failure of large areas of the

boundary interface, resulting in great (Mw[ 8.5) or

even giant (Mw [ 9.0) earthquakes (Barrientos and

Ward 1990; Chlieh et al. 2008; Moreno et al. 2012;

Schurr et al. 2014). This sudden slip is followed by

postseismic deformation that gradually relaxes the

coseismically induced stress perturbations. The rate

of postseismic deformation is time-dependent and has

been attributed to three primary processes: (1) after-

slip (Bedford et al. 2013; Hsu et al. 2006; Perfettini

et al. 2010; Tsang et al. 2016), (2) poro-elastic

rebound (Hu et al. 2014; Hughes et al. 2010) and (3)

viscoelastic relaxation (Hu et al. 2004; Pollitz et al.

2006; Qiu et al. 2018; Rundle, 1978; Wang et al.

2012). Interseismic relocking or simply relocking is

another process that may occur shortly after

megathrust events. Bedford et al. (2016) inferred that

the fault interface relocked within the first year after

the 2010 Maule earthquake. A similar finding was

obtained by Remy et al. (2016) after the 2007 Pisco,

Peru, earthquake. In the past decade, the increased

spatial density of continuous GPS (cGPS) instru-

mentation at subduction zones together with the

implementation of geomechanical-numerical models

has allowed us to test the relative importance of these

processes in time and space (Bedford et al. 2016;

Govers et al. 2017; Klein et al. 2016; Li et al. 2017;

2018; Sun et al. 2014). In these studies, linear vis-

coelastic relaxation has been used to infer the

viscosity structure of the upper mantle and to

understand the postseismic deformation signal in the
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near, middle and far field. These models assume that

the crust is purely elastic and that the relaxation in the

upper mantle can be described with a linear vis-

coelastic rheology using either the Maxwell (Govers

et al. 2017; Hu et al. 2004; Li et al. 2017, 2018) or

Burgers body (Klein et al. 2016; Sun et al. 2014).

Furthermore, most of these models consider an

inversion scheme to estimate the location and mag-

nitude of afterslip as well as the viscosity structure of

the mantle that results in a best fit of the observed

cumulative postseismic deformation signal derived

from GPS observations. Alternatively, in their 2D

geomechanical-numerical forward model Hergert and

Heidbach (2006) showed that a power-law rheology

with dislocation creep can also fit the vertical and

horizontal time series of the postseismic relaxation

after the 2001 Arequipa earthquake. However, for

their study only one cGPS station at 225 km distance

from the trench was available and no afterslip was

considered.

The 2010 Mw 8.8 Maule earthquake that struck

south-central Chile was one of the first great events to

be captured by modern space-geodetic monitoring

networks (Vigny et al. 2011; Moreno et al. 2012).

Through a rapid international collaborative effort, a

dense cGPS network of 67 stations (Bedford et al.

2013; Bevis et al. 2010; Vigny et al. 2011) was

installed to monitor the postseismic surface defor-

mation (Fig. 1). Recent analyses of the postseismic

deformation signal from the Maule earthquake have

drawn attention to the limits posed by using a linear

viscoelastic relaxation with homogeneous viscosity

distribution in the mantle (Klein et al. 2016; Li et al.

2017, 2018) to explain the heterogeneity of the ver-

tical postseismic signal, showing that a simple

process is not a candidate to explain the postseismic

signal associated with the 2010 Maule case. The best-

fit model from Klein et al. (2016) results in a

heterogeneous viscosity structure with a deep vis-

coelastic channel up to 135 km depth along the fault

interface and afterslip at regions close to the up- and

down-dip limits to explain in particular the pattern of

the observed vertical displacement and the displace-

ment over time in the north, east and vertical

components recorded by the cGPS time series. On the

other hand, Li et al. (2017, 2018) showed how lateral

viscosity variations improve the fit of the observed

cumulative postseismic vertical deformation while

having less effect on the horizontal predictions. Fur-

thermore, they speculate that a power-law rheology

could also explain the postseismic relaxation, in

agreement with results from laboratory experiments

(Bürgmann and Dresen 2008; Hirth and Tullis 1992;

Karato and Wu 1993; Kirby and Kronenberg 1987).

In this article, we investigate the general differ-

ences that result from the use of a power-law

rheology compared with a linear viscoelastic relax-

ation in a Maxwell body for the purpose of better

understanding the processes controlling the spatio-

temporal patterns of the postseismic deformation

signal. We construct a 2D geomechanical-numerical

model along a cross section perpendicular to the

strike of the subduction zone at 36�S sub-parallel to

the maximum of the coseismic slip of the Maule

earthquake (Fig. 1). We model the first 6 years of

postseismic deformation and compare our model

results with the vertical and horizontal components of

the cumulative and time series displacements of

cGPS sites as a function of distance from the trench.

The primary focus of this study is not to achieve a

best-fit solution of the cGPS signal using an inversion

scheme; instead, we use forward models to study the

principal differences between a linear Maxwell and

power-law rheology. However, the results of our test

series to study the sensitivity due to linear Maxwell

versus power-law rheology as well as due to the

location and magnitude of afterslip partly show a

remarkably good fit to the observed postseismic

signals.

Our model results indicate that the overall con-

tribution of relocking to the cumulative postseismic

deformation signal is small compared with the impact

of afterslip and viscoelastic relaxation. Our model

results confirm previous studies (Klein et al. 2016; Li

et al. 2017, 2018; Qiu et al. 2018) that showed that

the vertical postseismic deformation signal is the key

to better assess the relative importance of the

involved processes, i.e., the viscosity, effective vis-

cosity, maximum magnitude and location of afterslip.

We show that in particular the predicted cumulative

vertical postseismic signal in the near field (dis-

tance\ 300 km from the trench) is very sensitive to

the choice of model rheology as well as the afterslip

location and maximum. The model with power-law
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rheology favors afterslip at depths of 20–35 km

rather than at the down-dip limit of the seismogenic

zone[ 50 km. This shift of afterslip location is

explained with the dislocation creep process that

occurs in the deeper part of the lower crust and the

uppermost mantle.

2. Model Description

2.1. Model Setup

In the first 6 years following the Maule event, the

postseismic surface displacement is almost perpen-

dicular to the strike of the trench. We thus choose a

2D model cross section oriented parallel to the

direction of the observed horizontal cumulative

postseismic displacement vector. The model geome-

try is derived from the model of Li et al. (2017). The

cross section is almost perpendicular to the trench

and cuts through the center of the coseismic rupture

where the key postseismic deformation processes

take place (Fig. 1). The model geometry takes into

account the geometry of the slab (Hayes et al. 2012)

and extends 3800 km in the horizontal and 400 km in

the vertical direction to avoid boundary effects

(Fig. 2a).

The model is discretized with 112,000 finite

elements with a high resolution close to the slab

interface where the coseismic displacement occurs

and a significantly coarser resolution at the model

boundaries where no deformation is expected. We

assign to each element the rock properties presented

in Table 1 differentiating the continental crust,

oceanic crust/slab and upper mantle. At the lower

and lateral model boundaries, the model cannot

displace in the normal direction, but it is free to

move parallel to the model boundaries; the model

surface is free of constraints (Fig. 2a).

The temperature field of the model is taken from

Springer (1999) by interpolating the temperature

contours and assigning the according temperature to

each node of the finite elements (Fig. 2b). The

temperature field is assumed to be time-independent

as no significant changes are expected within 6 years.

Coseismic slip models for the Maule earthquake

(Bedford et al. 2013; Klein et al. 2016; Moreno et al.

2012; Vigny et al. 2011; Yue et al. 2014) show some

differences, mainly in magnitude and location of

maximum slip. This is most probably due to the use

of different data sets and regularization methods in

the inversion process. Postseismic deformation mod-

eled with power-law rheology depends on the

Figure 1
Study area and cumulative postseismic displacement after 6 years of the Maule event derived from cGPS observations in the stable South

American reference frame. Horizontal (black arrows) and interpolated vertical displacements (color coded) show the cumulative postseismic

deformation in the first 6 years after the Mw 8.8 Maule earthquake. Green and yellow triangles display the 11 cGPS sites used in this study.

Yellow triangles show the four cGPS sites considered for the time series analysis. Yellow contour lines depict the 2010 Maule earthquake

coseismic slip from Moreno et al. (2012). Blue dotted line represents the 2D model cross section oriented parallel to the horizontal postseismic

deformation
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coseismic stress changes, and therefore may vary

depending on the coseismic slip distribution. In this

study, we decided to implement the coseismic slip

distribution from the inversion of Moreno et al.

(2012) as a displacement boundary condition on the

fault plane (Fig. 2c), because our study shares the

same numerical approach (FEM), margin geometry

(slab and Moho discontinuities) and elastic material

parameters as Moreno et al. (2012). To fit the

observed coseismic displacement from previous

studies (Moreno et al. 2012; Vigny et al. 2011), we

assign 70% of the coseismic slip to the upper side of

Figure 2
Model setup. a The 2D model geometry along the cross section is shown in Fig. 1. Circles indicate that no displacement is allowed

perpendicular to the model boundary. a Exaggerated in the vertical by a factor of two. b The implemented temperature field according to

Springer (1999) in the area of key interest. c Distribution of coseismic slip taken from the inversion of Moreno et al. (2012) and afterslip

distributions. d Afterslip decay law used in this study. The aftershocks seismicity corresponds to Mw[ 4.5 taken from the NEIC catalogue

(http://www.usgs.gov)

Table 1

Elastic and creep parameters

Layer Rock typeb Young’s module

E (MPa)a

Poisson’s ratio ma Pre-exponent

A (MPa-n s-1)b

Stress exponent nb Activation enthalpy

Q (kJ mol-1)b

Continental crust Wet quartzite 1 9 105 0.265 3.2 9 10-4 2.3 154

Oceanic crust/slab Diabase 1.2 9 105 0.3 2.0 9 10-4 3.4 260

Upper mantle Olivine 1.6 9 105 0.25 2.0 3.0 433

aReference source from Christensen (1996) and Khazaradze et al. (2002)
bReference source from Ranalli (1997) and Karato and Wu (1993)

C. Peña et al. Pure Appl. Geophys.
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the fault plane toward the up-dip direction and 30%

to the bottom side toward the down-dip direction

(Govers et al. 2017; Hergert and Heidbach 2006; Sun

and Wang 2015). The same ratio is applied to

simulate afterslip and relocking.

The afterslip is modeled with a Gaussian distri-

bution curve and decays exponentially to the 2nd year

as explained by Marone et al. (1991). The afterslip

decay law also is in agreement with the aftershock

seismicity (Fig. 2d), which is a first-order approxi-

mation for the afterslip decay law for the 2010 Maule

case (Bedford et al. 2016; Lange et al. 2014). Klein

et al. (2016) found cumulated afterslip values on the

order of 100 cm at 45 km depth between 2011 and

2012 for the postseismic deformation associated with

the Maule event. Thus, we start with 100 cm of

maximum afterslip centered at 48 km depth, but vary

these values in different model scenarios. Different

afterslip decay laws may achieve a better fit to the

data; however, we do not explore this parameter since

the main focus of this study is to investigate the first-

order differences between the models that use linear

Maxwell or power-law rheology instead of perfectly

fitting the observations. Relocking is assumed as

backslip on the rupture plane with a convergence

velocity of 6 cm year-1 and takes place linearly up to

the 6th year. With these kinematic boundary condi-

tions, i.e., the coseismic rupture, afterslip distribution

and relocking, the model simulates the postseismic

relaxation of stresses during 6 years. The resulting

numerical problem is solved using the commercial

finite element code ABAQUSTM, version 6.11.

2.2. Model Rheology

We implement the dislocation creep law for

models with power-law rheology using the expres-

sion stated in Kirby and Kronenberg (1987)

_e ¼ Arn exp
�Q

RT

�
;

�
ð1Þ

where _e is the strain rate, A is a pre-exponent

parameter, r the differential stress, n the stress

exponent, Q the activation enthalpy for creep, R the

gas constant and T the absolute temperature. The key

control is the stress exponent n and the temperature

field. In particular, the latter controls were in the

continental crust where the brittle-ductile transition

(BDT) zone is located (Brace and Kohlstedt 1980;

Ranalli 1997). Below the BDT the differential stress

is relaxed by dislocation creep processes. Our models

with linear Maxwell rheology use a viscosity of

1.3 9 1019 Pa s for the uppermost mantle and elastic

parameters for the crust and oceanic/slab. This value

is in agreement with previous studies on the Chilean

subduction zone (Bedford et al. 2016; Hu et al. 2004)

that found viscosity values on the order of 1019 Pa s.

We emphasize that the main difference is the fact that

in our model with linear Maxwell rheology the whole

crust is considered as an elastic material above a

viscous mantle, while in the model with power-law

rheology the viscosity distribution is controlled by the

implemented temperature field. Elastic and creep

parameters used in the model area are listed in

Table 1.

2.3. GPS Observations

The cGPS observations in the Maule region show

trench-ward motion in the horizontal component and

different patterns of deformation in the vertical

component along longitude, with a pronounced uplift

in the Andean region (Fig. 1). We use the first 6 years

of postseismic surface displacements observed by

cGPS as reported by Li et al. (2017). In this data set,

the effect of aftershocks was removed by applying the

trajectory model of Bevis and Brown (2014). To

compare with the prediction of our 2D model, we

selected 11 cGPS sites distributed in the near, middle

and far field for comparison with our model (yellow

triangles in Fig. 1).

3. Results

Based on the model described in the previous

section, we set up three different model groups to test

the general difference when using linear Maxwell or

power-law rheology in the model. An overview of

different model parameters is provided in Table 2. In

the first test group we focus on models with power-

law rheology and investigate the relative impact of

relocking and afterslip on the postseismic deforma-

tion pattern (Sect. 3.1 and Fig. 3). In the second test

Role of Lower Crust in the Postseismic Deformation of the 2010 Maule Earthquake



group we focus on differences when using linear

Maxwell or power-law model rheology and different

afterslip magnitudes (Sect. 3.2 and Fig. 4), and in the

third test group we investigate the differences when

using linear Maxwell or power-law model rheology

and different depth locations of the maximum after-

slip (Sect. 3.3 and Fig. 5).

3.1. Relative Impact of Relocking and Afterslip

in Models with Power-Law Rheology

Figure 3 shows the comparison of the cumulative

postseismic surface displacement after 6 years

between the model results and the data from the

cGPS stations. We used three different maximum

amplitudes of afterslip at 48 km depth. To evaluate

the relative contribution of relocking, we fully and

uniformly locked the fault interface as backslip

between 10 and 40 km depth (Govers et al. 2017;

Tichelaar and Ruff 1993). We also perform tests

without relocking to assess its relative impact on the

cumulative vertical and horizontal postseismic dis-

placement signal (Fig. 3). The models with and

without relocking produce landward motion in the

Figure 3
Relative impact of afterslip and relocking for the cumulative

surface displacement 6 years after the Maule event compared with

cGPS observations. Afterslip and relocking distributions for the six

models are shown below the figures at the location relative to the

trench. a Horizontal displacement: positive values represent trench-

ward motion and negative landward motion. cGPS displacements

are projected onto the model cross section. b Vertical displacement

Table 2

Description of the model parameters (rheology, afterslip and relocking) used in this study

Model Maximum of afterslip

(cm)

Depth of maximum afterslip

(km)

Relocking

(cm year-1)

Temperature

(�C)

Graph color and type

NLA100D48R 100 48 6 T Figures 3, 4 and 5: solid blue

NLA100D35R 100 35 6 T Figure 5: solid orange

NLA100D20R 100 20 6 T Figures 5 and 6: solid red

NLA100D48 100 48 – T Figure 3: solid thin blue

NLA20D48R 20 48 6 T Figures 3 and 4: solid cyan

NLA20D48 20 48 – T Figure 3: solid thin cyan

NLA0R 0 – 6 T Figures 3 and 4: solid green

NLA0 0 – – T Figures 3, 6 and 8: solid thin

green

NLA0T ? 100 0 – – T ? 100 Figure 8: solid dark red

NLA0T-100 0 – – T - 100 Figure 8: solid pink

LA100D48R 100 48 6 T Figures 4 and 5: dashed blue

LA100D35R 100 35 6 T Figure 5: dashed orange

LA100D20R 100 20 6 T Figures 5 and 6: dashed red

LA20D48R 20 48 6 T Figure 4: dashed cyan

LA0R 0 – 6 T Figure 4: dashed green

LA0 0 – – T Figure 6: dashed pink

The rheology, linear (L, Maxwell) and non-linear (NL, power-law), maximum afterslip (A), relocking (R) and changes in the initial

temperature field from the Springer model (T) are indicated in the model name. If relocking is considered, it is always with a rate of

6 cm year-1

C. Peña et al. Pure Appl. Geophys.



very near field (\ 50 km from the trench). In general,

our results indicate that relocking does not affect the

deformation field significantly (see continuous versus

dashed lines in Fig. 3). A small signal is seen close to

the trench (\ 80 km from the trench), and it vanishes

at distances[ 200 km from the trench for both the

horizontal and vertical displacements. Changing the

maximum of the afterslip does not change the pattern

of the horizontal surface deformation at distances [
600 km from the trench, but it changes the magnitude

of trench-ward motion at distances between 150 and

400 km from the trench. Beyond distances of 600 km

from the trench, the results show trench-ward motion

when 100 cm of maximum afterslip is used, but small

landward motion when it is reduced to 20 and 0 cm,

respectively. Interestingly, our results show that the

vertical deformation is the component most sensitive

to the afterslip maximum. The afterslip centered at

the down-dip limit of the seismogenic zone produces

maximum uplift around 100 km from the trench.

When 100 cm afterslip is applied, an uplift of 40 cm

after 6 years is accumulated. This number is consid-

erably reduced when only 20 cm maximum afterslip

is used; without any afterslip it changes to subsi-

dence. These results are in agreement with Wang and

Fialko (2014, 2018), who found afterslip at the down-

dip limit produces uplift at that region, while

subsidence is controlled by viscoelastic relaxation.

Beyond distances of 400 km, the impact of different

afterslip magnitudes is negligible.

The overall pattern of the horizontal cGPS signal

is better explained by models with small afterslip at

the down-dip limit of the seismogenic zone than

when 100 cm of afterslip is considered, in particular

in the area of largest deformation between 200 and

400 km from the trench. An increase in maximum

afterslip results in an increase in surface deformation

that leads to an overestimation of the horizontal

component in the near field.

The observed patterns in the vertical signal are

also in better agreement with models when a smaller

afterslip is applied. Adding afterslip shifts the higher

uplift signal toward the trench in a different pattern,

as observed by the cGPS observations. All models are

in a good agreement with the cGPS observations in

the far field ([ 500 km from the trench). However,

none of the models can explain the wavelength of the

Figure 4
Impact of rheology and afterslip maximum on the cumulative

surface displacement 6 years after the Maule earthquake compared

with cGPS observations. Afterslip and relocking distributions for

the six models are shown below the figures at the location relative

to the trench. a Horizontal displacement. GPS velocities are

projected onto the model cross section. b Vertical displacement

Figure 5
Impact of rheology and location of the afterslip maximum on the

cumulative surface displacement 6 years after the Maule earth-

quake compared with cGPS observations. Afterslip and relocking

distributions for the six models are shown below the figures at the

location relative to the trench. a Horizontal displacement. GPS

velocities are projected onto the model cross section. b Vertical

displacement

Role of Lower Crust in the Postseismic Deformation of the 2010 Maule Earthquake



declining uplift signal observed between 300 and

500 km from the trench (Fig. 3b). In general, the

geomechanical-numerical model with power-law

rheology results qualitatively in a good fit to the

overall surface deformation pattern observed at the

cGPS sites.

3.2. Impact of Afterslip Maximum in Models

with Linear Maxwell and Power-Law Rheology

In the second model group, we model the

cumulative surface deformation 6 years after the

2010 Maule event using models with linear Maxwell

or power-law rheology and different afterslip magni-

tudes of 100, 20 and 0 cm located at the down-dip

limit of the seismogenic zone (Fig. 4). We use the

same three models with power-law rheology (as in

Fig. 3), where the afterslip maximum is at 48 km

depth, and compare these with models that have the

same setup, but considering linear Maxwell rheology.

Furthermore, despite the results presented in Fig. 3

that show a minor contribution from relocking on the

cumulative surface deformation, in Fig. 4 we con-

sider all models with relocking after 2 years.

Similar to the results presented in Sect. 3.1, the

maximum of the afterslip also has an impact on the

horizontal and vertical deformation signal for the

models with linear Maxwell rheology, but it is

smaller than the magnitude inferred using the models

with power-law rheology, in particular for the vertical

component (Fig. 4b). The horizontal component

shows the largest differences between models with

linear Maxwell and power-law rheology in amplitude

and patterns in the near field among the models, but

the difference in the overall pattern is small (Fig. 4a).

In the far field all models with linear Maxwell

rheology overestimate the horizontal displacement

compared with the ones with power-law rheology.

Significant differences between the models with

linear and non-linear rheology are found in particular

in the near field for the vertical component and to a

lesser extent in the middle and far field (Fig. 4b).

While models with power-law rheology show uplift

at about 200–300 km and subsidence at about

300–700 km from the trench, models with linear

rheology show the opposite surface displacement

pattern.

Compared with the horizontal cGPS signal, the

overall pattern from the models with linear Maxwell

and power-law rheology agrees with the observations

equally well in the area of key postseismic deforma-

tion, in the Andean region (Fig. 4a). However, for the

vertical cGPS signal the models with linear Maxwell

rheology reveal larger differences from the observed

patterns than models with power-law rheology. This

holds especially for the area 150–300 km from the

trench.

3.3. Impact of Afterslip Location on Models

with Linear Maxwell and Power-Law Rheology

In the third model group we shift the location of

the maximum afterslip of 100 cm from 48 to 35 km

and 20 km depth to investigate the impact on the

surface deformation in models with linear Maxwell

and power-law rheology. The choice of the maximum

afterslip location has important effects on the surface

deformation. In particular, for the horizontal compo-

nent, models with linear Maxwell or power-law

rheology and shallow afterslip result in a larger

surface deformation than those using moderate deep

afterslip for distances closer to 100 km from the

trench (Fig. 5a). Beyond distances of 200 km from

the trench, the surface deformation is smaller as

shallow afterslip takes place, and it is also in the same

fashion as the results from models without afterslip.

These differences also apply to the vertical compo-

nent, mainly in models with power-law rheology

(Fig. 5b). For models with power-law rheology, the

impact is much larger for distances closer to 200 km

from the trench than the effect observed in the

horizontal component. There, the differences are both

in magnitude and patterns. This effect is less

pronounced in models with linear Maxwell rheology.

These models show a similar pattern of deformation,

where the maximum uplift and subsidence are shifted

around 40 km toward the trench as afterslip moves to

closer distances from the trench on the fault plane.

The different patterns of deformation shown by

these models can be compared with the cGPS signal

to evaluate the relative impact of afterslip on the

surface deformation signal. From models with power-

law rheology, our results indicate that they can better

explain the overall pattern observed by cGPS where

C. Peña et al. Pure Appl. Geophys.



shallow afterslip is considered. In particular, the

vertical component gives clear insight to evaluate the

relative impact of afterslip location for surface

regions closer to 300 km from the trench. Here, the

remarkable uplift at about 250 km and small subsi-

dence at about 140 km from the trench can be just

explained by the power-law rheology model with

maximum afterslip at either 35 km or 20 km depth.

None of these models result in very small uplift as

shown by one cGPS site about 400 km from the

trench. However, beyond these distances, power-law

rheology models explain the cGPS displacement

pattern.

In summary, the key findings from previous

sections are: (1) relocking is not contributing signif-

icantly to the cumulative postseismic deformation

signal along the chosen model profile; (2) models

with linear Maxwell rheology without adaptation of

the viscosity structure at depth fail to reproduce the

pattern of the observed cumulative vertical postseis-

mic deformation signal regardless of where the

maximum afterslip is located and the amplitude of

the afterslip; finally, (c) the general patterns of the

cGPS observations are better explained by models

with power-law rheology when small values of

afterslip at the down-dip limit are considered and/or

when afterslip is occurring at shallower regions.

3.4. Model Results Versus Time Series of the cGPS

Stations

In this section we analyze the time series for

6 years after the Maule earthquake from four cGPS

stations at different distances from the trench and

compare these with the models with linear Maxwell

and power-law rheology (Fig. 6). For this comparison

we choose the models with 100 cm maximum

afterslip at a depth of 20 km and 0 cm afterslip

(Fig. 6). We selected the cGPS time series of the

stations PELL, QLAP, MAUL and CRRL for com-

parison, which are located in the near, middle and far

field (yellow triangles in Fig. 1) at about 130 km,

190 km, 270 km and 500 km distance from the

trench, respectively.

The largest differences from models with and

without afterslip are found in the near field (cGPS site

PELL). As expected, models with afterslip

(NLA100D20R and LA100D20R for the power-law

and linear Maxwell case, respectively) result in larger

deformation than when afterslip is assumed to be zero

in particular in the near field. It is also observed that

for the two cGPS sites at larger distance from the

trench (MAUL and CRRL), the power-law rheology

models with afterslip have very close deformation

patterns and magnitudes but linear Maxwell rheology

models keep small differences after 6 years. For sites

at 190 km and 270 km from the trench, models with

linear Maxwell and power-law rheology show very

similar surface cumulative deformation for the hor-

izontal component; however, there are large

differences in the early part of the postseismic phase.

In this period, the transient deformation of models

with power-law rheology is much faster than linear

Maxwell model scenarios, especially at 270 km from

the trench where the cGPS MAUL site is located.

By comparing with the cGPS PELL site in the

near field, it can be shown that the effect of afterslip

is larger than that of viscous relaxation, in agreement

with previous studies (Bedford et al. 2013; Hsu et al.

2006). A combination of afterslip and viscous

relaxation can resemble the deformation patterns, in

particular in the first 2 years. However, after the 2nd

year, the model with power-law rheology can better

explain the observed horizontal and vertical postseis-

mic deformation pattern than models with linear

Maxwell rheology. Compared with cGPS sites further

from the trench, our results indicate that the preferred

model also is a combination of power-law rheology

and afterslip for both the horizontal and vertical

component. Even though the models with Maxwell

rheology and afterslip can produce good agreement

with the cumulative surface deformation signal, they

cannot produce the transient deformation in the early

postseismic phase, as observations show. In the far

field, at the cGPS CRRL site, no model is in

agreement with the early postseismic deformation

during the first years for the horizontal component.

The vertical component is in very good agreement

with models considering power-law rheology. In

general, compared with the selected cGPS sites,

models with power-law rheology show a better

agreement with the overall deformation pattern signal

than models with linear Maxwell rheology.
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4. Discussion

4.1. Location of the Viscous Relaxation Process

The largest deformation for models with power-

law rheology is produced in a region about 280 km

landward from the trench (Fig. 7a). Interestingly,

most of the viscoelastic relaxation occurs in the lower

continental crust. This is in contrast to previous

studies in the Chilean subduction zone, since these

assumed that the whole crust is an elastic medium

above a viscoelastic mantle (Hu et al. 2004; Klein

et al. 2016; Li et al. 2017, 2018), resulting in

relaxation mainly occurring in the mantle wedge, in

agreement with our model results with linear

Maxwell rheology (Fig. 7b).

Below the cGPS station MAUL, at 36 km depth,

we infer a creep strain after 6 years of 7.9 9 10-5

and an effective viscosity of 1.1 9 1018 Pa s from the

power-law model with 1 m of afterslip at 20 km

depth. The creep strain and effective viscosity values

are very similar for all models with power-law

rheology. For the same region but at a shallower

depth of only 10 km in the continental crust, we infer

after 6 years a creep strain and effective viscosity on

the order of 1 9 10-10 and 1 9 1022 Pa s, respec-

tively. The model results using power-law rheology

are in good agreement with a brittle upper crust and a

Figure 6
Time series of four cGPS stations versus model results from four models with linear Maxwell and power-law rheology for 6 years after the

Maule event. Black dots are daily solutions of the cGPS observations; distance from the trench is given in km next to the station names. Left

row (a, c, e, g) shows the horizontal displacement. GPS velocities are projected onto the model cross section. Right row (b, d, f, h) shows the

vertical displacement
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ductile lower crust shown by laboratory extrapolation

of the rock strength with depth (Brace and Kohlstedt

1980; Ranalli 1997). The high creep strain rate in the

lower crust predicted by our model may be a result of

the vertical geothermal gradient and rock composi-

tion at the boundary between the continental lower

crust and the upper mantle. These results support the

conclusion from Griggs and Blacic (1965) who raised

the possibility of great stress relaxation in the deeper

crust and uppermost mantle at temperatures far below

the melting point. The latter is in agreement with

other studies of postseismic relaxation that also

consider rock viscosity below the solidus (Barbot

2018; Klein et al. 2016; Wang et al. 2012). Hence,

this rheologic boundary likely affects geodetic obser-

vations of the postseismic deformation at the earth’s

surface.

4.2. Implication of Linear Maxwell and Power-Law

Model Rheology on Afterslip Location

Uplift deformation observed by cGPS sites at

distances between 200 and 300 km from the trench is

also found for the postseismic deformation after the

great 1960 Valdivia, Chile; 2011 Tohoku-Oki, Japan;

great 2004 Sumatra-Andaman, Indonesia and 2015

Gorkha, Nepal, earthquakes (Hu et al. 2004; Muto

et al. 2016; Qiu et al. 2018; Wang and Fialko 2018;

Zhao et al. 2017), suggesting that postseismic surface

deformation is driven by common relaxation pro-

cesses. To explain this deformation pattern, our

preferred model scenarios are those with power-law

rheology and afterslip at the upper part of the fault

plane (\ 30 km depth) or at the down-dip limit less

than 20 cm. Our model results suggest that such a

remarkable uplift is mainly the result of stress

relaxation in the lower crust due to dislocation creep

(Fig. 7a), showing that afterslip in a deeper region of

the megathrust fault plays a secondary role to explain

the uplift pattern at those distances (Fig. 7c). The

dislocation creep process occurs at distances rela-

tively close to the surface; thus, the deformation

produced by this process does not need to be high to

explain this pattern. Previous studies showed that this

pattern can be explained by using linear viscoelastic

rheology in the uppermost mantle in combination

with afterslip, especially at the down-dip limit at

about 55 km depth or deeper regions (Govers et al.

2017; Klein et al. 2016; Noda et al. 2017; Yamagiwa

et al. 2015). In the same fashion, our model results

from linear Maxwell model rheology suggest that

deeper afterslip is required to explain this pattern

Figure 7
Modeled accumulated displacement field and creep strain 6 years after the Maule earthquake compared with the accumulated observed

vertical displacement from nine cGPS stations along the model profile as shown in Fig. 1. a Modeled cumulative creep strain (second

invariant of the creep strain tensor) and displacement vectors from model NLA0 (power-law rheology, no afterslip and no relocking). b Same

as a but with linear model rheology (model LA0). c Schematic representation of where the afterslip occurs in case of the model shown in

a. d Same as c using the linear Maxwell model rheology
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(Fig. 7d). However, evidence from interseismic lock-

ing obtained from GPS velocities (Moreno et al.

2010) or friction laws (Scholz 1998) along megath-

rust faults suggests that below approximately 55 km

depth the megathrust is probably fully unlocked and

no strain is built up to be released as frictional slip

after the earthquake. Such a deep aseismic slip may

not be only due to frictional processes, but may also

occur as strain localization within ductile shear zones.

Montési and Hirth (2003) proposed a theoretical

model to investigate the impact of dislocation and

diffusion creep processes on the transient behavior of

ductile shear zones considering grain size evolution.

They found that a ductile shear zone resembles

frictional afterslip on a deep extension of the fault.

This result is also supported by Takeuchi and Fialko

(2013). Nevertheless, they found that thermally

activated shear zones have little effect of postseismic

relaxation. Diffusion creep processes depend strongly

on grain size evolution. Here, we have considered the

dominance of dislocation creep over diffusion creep

processes; therefore, we have not considered grain

size evolution. However, further experiments are

required to investigate its impact on postseismic

deformation, in particular on ductile shear zones

along the megathrust fault.

In the very near field (\ 50 km from the trench),

our results show important differences in the cumu-

lative surface displacement between models with

linear Maxwell and power-law rheology, providing a

key discriminant between the predominant rheology

(linear or non-linear) and the magnitude and location

of afterslip. Observations from the postseismic phase

of the 2011 Tohoku-Oki earthquake indicated that the

impact of afterslip is much smaller than was previ-

ously assumed when near-trench time series of GPS

stations are used (Sun et al. 2014). Such stations

observe a landward motion, which is not in agree-

ment with substantial afterslip at the up-dip limit,

which results in a seaward motion. Recently, Barbot

(2018) used a power-law rheology in a 2D model to

show that landward motion above the rupture area of

the main shock can be produced by transient defor-

mation in the oceanic asthenosphere. Our model with

power-law rheology (Model LNA20D48R), in fact,

results in a landward motion of * 10 cm at 50 km

distance from the trench, but since near-trench

observations are missing in Chile, it remains a

speculation whether landward motion would be

observed or not.

4.3. Uncertainties of the Temperature Field

The largest uncertainty of the models with power-

law rheology originates from the incorporated tem-

perature model since this, besides the stress exponent,

is the key control of the effective viscosity and thus

the stress relaxation process induced by the coseismic

slip and afterslip. Unfortunately, no temperature

model exists for the entire cross section of the model,

and we thus adopt the model from Springer (1999)

that is located in the central Andes at 21�S. There, the

age of the oceanic crust is older (* 50 Ma) in

contrast to the younger plate at 36�S (* 35 Ma).

Other temperature models closer to the Maule area

(Oleskevich et al. 1999; Völker et al. 2011) only

provide a temperature field 300 km landward from

the trench not covering our model area. In contrast,

the Springer model is covering the entire E–W extent

of the modeled plate boundary system. Furthermore,

Oleskevich et al. (1999) showed that in the fore arc

and arc regions at 21�S and 34� the temperature

contours have a very similar pattern, but absolute

values can vary by 100 �C and more (Lamontagne

and Ranalli 1996).

To show the model sensitivity due to the initial

temperature field T, we increased (Model NLA0T ?

100) and decreased (Model NLA0T - 100) the

temperatures by 100 �C, respectively (Fig. 8). Since

we would like to investigate only the impact of

viscoelastic relaxation due to temperature changes on

the deformation, we considered the model with

power-law rheology and without afterslip. The results

display a strong impact of the temperature field on the

surface deformation, undergoing a maximum surface

displacement change by a factor of about two, in the

region of largest deformation at the Andean region

(Fig. 8c, d). Thus, the mismatch of patterns of the

slight uplift at about 350 km from the trench and the

trench-ward motion in the far field ([ 570 km)

shown by cGPS observations and our model results,

but also obtaining the afterslip, might be due to the

temperature uncertainties.
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5. Conclusion

We used a 2D geomechanical-numerical model to

study the relative impact of afterslip, relocking and

viscoelastic relaxation on the observed postseismic

deformation 6 years after the 2010 Maule earthquake.

In particular, we tested the general difference of using

linear Maxwell or power-law rheology. The overall

impact of relocking is only visible at distances \
200 km from the trench, but small compared with

afterslip and viscoelastic relaxation. For the cumu-

lative horizontal displacement the overall pattern

from models with linear Maxwell and power-law

rheology is similar. However, for the cumulative

vertical displacement this is different. Here the used

afterslip magnitudes as well as its depth location have

a different expression in the modeled cumulative

vertical displacement. To reproduce the pattern of the

cGPS observations, the model with power-law rhe-

ology requires afterslip in shallower regions at

20–30 km depth rather than afterslip at depth[ 50

km as suggested by models with linear rheology

(Bedford et al. 2016; Klein et al. 2016). It also seems

that less afterslip is needed at shallow depths. This

difference is due to the different processes that are

induced. In the models with power-law rheology the

coseismically induced differential stresses in the

lower crust and upper mantle are relaxed in shallower

regions, i.e., the lower crust, whereas the models with

linear Maxwell rheology assume that the crust is

elastic. To produce the same vertical postseismic

displacement these models require a relatively high

afterslip at greater depth. To discriminate which

model assumption is ultimately controlling the post-

seismic relaxation processes, cGPS stations near the

trench are needed, and these turning points between

subsidence and uplift as well as the change in

direction of the horizontal displacement toward or

away from the trench could be used as a proxy for the

location and amount of afterslip as well as for the

depth where differential stresses are relaxed by linear

or non-linear viscoelastic processes.
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