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SUMMARY

Over the last decade, three major subduction earthquakes, Maule A, 8.8 (2010), Illapel
M, 8.3 (2015) and Iquique M,, 81 (2014), occurred in Chile and generated significant
post-seismic deformations. These\large scale and long lasting deformations can be quan-
tified with modern GNSS ‘precise positioning and highlight visco-elastic processes in the
asthenosphere. Here,)we calculate the ratios of cumulative post-seismic displacements
after 5 years gver the co-seismic offsets. We find that at any distance from the trench,
ratios are'similar for the three earthquakes despite their different magnitudes which imply
induced stresses that are more than one order of magnitude apart. This observation sug-

gests that the post-seismic deformation is related to the same effective viscosity for the
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three earthquakes, indicating Newtonian rheology, rather than power-law rheology in the

asthenosphere.
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Subduction zone processes; Time-series analysis

1 INTRODUCTION

Large earthquakes induce stress changes in the mantle over large distances and depths. On a time-
scale of a few years, only the part of the mantle with the lowest viscosity, named astheénosphere, is
able to creep significantly. Thus, post-seismic deformation is a “natural expefiment’.that constrains
the rheology of the asthenosphere. The asthenosphere is below the thermal boundary layer which con-
stitutes the lithosphere. The lithosphere, colder thus more viscous, is‘about80 km thick for old oceans
and non cratonic continents (e.g. Fleitout and Yuen, 1984;"Dein and Fleitout, 1996). The thickness
of the asthenosphere is poorly constrained, but, accetding to“models of post-seismic deformation, it
is thought to range between 100 km and 300 ki (Trubienko et al., 2014). One of the most important
questions that remains is whether the asthenospheric viscosity is stress dependent or not. In general,
the answer to this question depends ‘on the’predominant creep mechanism in the asthenosphere (e.g.
Weertman and Weertman, 19753 Karato, 2008). For example, dislocation creep is known to involve
stress-dependent effective viscosity (Weertman, 1970) while diffusion creep is associated with linear
rheology, i.e. a creep rate that is simply proportional to the deviatoric stress (Gordon, 1965). It was
also pointed.out that with a power-law rheology the medium can artificially appear linearly viscous
during a’non steady-state process if the background stresses induced by ’steady’ mantle convection
are large enough (Schmeling, 1987).

Monitoring and quantification of surface deformation after a large earthquake by precise satellite
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positioning (GNSS) should provide the means to quantify the viscous laws at play in the astheno-
sphere. However, while many studies have used a linear viscosity (e.g. Hu et al., 2004; Pollitz, 2005;
Trubienko et al., 2013; Klein et al., 2016; Hu et al., 2016; Li et al., 2017), many others concluded
that a power-law viscosity provides a better fit to post-seismic deformation (e.g. Pollitz et al., 2001;
Freed and Burgmann, 2004; Freed et al., 2006; Barbot, 2018; Agata et al., 2019; Muto et al., 2019;
Pefia et al., 2019; Weiss et al., 2019; Peia et al., 2020). A somewhat surprising observation has been
made regarding far-field post-seismic deformation after the three recent megathrust earthquakes of
magnitude close to 9 (Sumatra, M,, 9.2, 2004; Maule, M,, 8.8, 2010 and Tohoku, M, 9.1;:2011)
in Trubienko et al. (2014). The observed co-seismic and post-seismic displacements as*a function of
time at continuous far-field GNSS stations were found to be nearly homothetic, ihdependeéntly of the
earthquake magnitude and geological context. This result argues for a similateffective viscosity in the
asthenosphere, at least in the far-field and for earthquakes of magnitude around 9. We expand here the
magnitude range of this observation using the three recent Chilean subduction earthquakes of Maule
2010 (M,, 8.8), Illapel 2015 (M,, 8.3) and Iquique 2014.(M,, 8.1). We also investigate whether the ob-
servation is valid not only in far-field but at any distance\from the trench and discuss the implications

for the rheology of the asthenosphere.

2 GPS DATA

2.1 Data set and processing

South American networks provide a good coverage of co-seismic offsets and post-seismic displace-
ments atthescale of the continent, at all distances from the trench. Networks are dense enough to allow
us to pick'stations near profiles perpendicular to the trench at the latitude of all three earthquakes. We
use 52 continuous GPS stations facing the three ruptures zones, in near-field (100-300 km from the

trench), mid-field (300-500 km) and far-field (500-1400 km) (Fig. 1A and Fig. S1). Station time-series
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are extracted from SOAM_GNSS_solENS, the South American daily solution produced by Klein et al.
(2022) based on observations provided by the CSN network in Chile (Baez et al., 2018), the RAM-
SAC network in Argentina (Pifién et al., 2018) and the IGM network in Bolivia. Daily coordinates are
processed with the GAMIT/GLOBK suite (Herring et al., 2010a,b) and the PYACS toolbox. Twenty

year time-series (2000-2020) are expressed in ITRF2014 (Altamimi et al., 2016).

2.2 Data analysis

We correct time-series from outliers, antenna offsets and earthquakes. We estimate co-seismic offsets
differently depending on the signal/noise ratio. For high ratios we simply differentidte between the
day after (three days for Iquique, Section S2.2) and the day before the earthquake. Hor low ratios,
we estimate multi-day trends to compute average positions both before and after the earthquake. We
define the post-seismic deformation as the difference between after and before the earthquake (cf a de-
scription of the whole seismic cycle in Trubienko et al. (2013)). Thus, we estimate pre-seismic trends
and subtract them from the total displacement after the ‘earthquake to extract the post-seismic signal
(Section S2.1). We estimate the cumulative post=seismic displacement over 5 years after each earth-
quake. For high signal/noise ratios, we us€ the position one day after the earthquake at the beginning
and the one week-average position at the end. For low signal/noise ratios, we use smoother parametric
models. The estimation of the cumulative post-seismic displacement is sensitive to the estimation of

the pre-seismic trend, especially in the far-field where numbers are small.

2.3 Analysis-of the ratios of post-seismic displacements over co-seismic offsets

Co-seismie offsets decrease with distance from the trench and, as expected, the larger the earthquake
the larger the offsets (Fig. 1B and Fig. S4). The cumulative post-seismic displacements also decrease

with distance from the trench after an initial increase in near-field. Again, the larger the earthquake the
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larger the displacements (Fig. 1C). On the contrary, ratios of cumulative post-seismic displacements
(post) over co-seismic offsets (co), hereafter referred to as post/co ratios, increase with distance from
the trench (Fig. 2A). Remarkably post/co ratios of all three earthquakes evolve in the same way and
are superposed, despite different magnitudes and geometries (Fig. 2A). The post/co ratios are similar
even for the Illapel earthquake where the presence of a flat slab does not seem to disrupt the horizontal
deformation. This remains true over different time periods: the first two years when afterslip domi-
nates near-field deformation as well as the last three years when visco-elastic deformation becomes
dominant (see Section S4 for discussion on afterslip duration and impact).

In near and mid-field (at distances shorter than 500 km), uncertainties are small because displace-
ments are large and post/co ratios fall well on the same linear trend. In the far-field (beyond’500 km), a
decreasing trend seems to appear. However, the trend is here unclear because Seattering is larger. Scat-
tering increases with distance from the trench because displacements decréase with distance from the
trench. For Illapel and Iquique, beyond 800 km both co-seismic offsets and cumulative post-seismic
displacements go down to a few millimetres only, yieldingiless well determined ratios.

Post-seismic time series normalised by the co=seismic’offsets also show the remarkable superpo-
sition independent of the earthquake size. In nearfield, station MAUL (affected by Maule Eq.) and
MNMI (affected by Iquique Eq.) supérimpose extremely well (Fig. 2B). The same is true in far-field

for station VBCA (affected bycMaule Eq.) and EPSF (affected by Illapel Eq.) (Fig. 2C).

3 CONSEQUENCE FOR THE ASTHENOSPHERIC VISCOSITY

The post/co.ratios are similar for the three recent Chilean mega-earthquakes, despite their different
moments, different slip patterns and perhaps different asthenospheres. In principle, post-seismic dis-
placements, co-seismic offsets and post/co ratios depend mainly on three parameters: The magnitude

and slip distribution of the earthquakes that generated them, and the viscosity law of the asthenosphere
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that carries the deformation. Our purpose here is not to present models that would closely fit the curves
of post/co ratios (Fig. 2A). We simply want to explore the impact of the asthenospheric rheology on
earthquakes of different magnitudes using simple models: In particular, we compare predictions based
on power-law versus linear viscosities. In the finite-element numerical models used in this section, we
deliberately suppress all the various supplementary ingredients (Burgers viscosity, low viscosity chan-
nel or low-viscosity wedge, post-seismic slip on the interface) already explored in Klein et al. (2016)
concerning the Maule earthquake. In addition, following most previous studies, we assume that the
stress in the asthenosphere is only generated by the earthquake itself. At this point, the only thing.that
matters is to predict post/co ratios independent upon the magnitude and slip pattern of the earthquiake.
Modeling details (slab geometry, boundary conditions, etc.) are given in Section.S5.

We begin by recalling some general analytic scaling laws that involve‘time-and rheology, which
are exact only if one compares homothetic earthquakes, i.e. earthquakes with different magnitudes but
with the same slip distribution. So, we first perform numerical tests to‘compare post/co ratios produced
by homothetic earthquakes, using either Newtonian or power-law viscosity. Then, to approximate the
real case, we compare post/co ratios produced by different co-seismic slip distributions (both along
strike and along depth), combined with different magnitudes, again in the context of either Newtonian

or power-law viscosity.

3.1 Asthenospheric viscosity’and earthquake magnitude: analytical scaling relations from

homothetic'earthquakes

We consider, here two earthquakes E1 and E2 with the same pattern of co-seismic slip, but different
magnitudes ‘(homothetic slips): At any point on the subduction interface, the ratio of the co-seismic
slipsis a constant factor A. Because linear elasticity is involved, the ratio of the two co-seismic offsets

at any point on the Earth’s surface is then also A. For a linear visco-elasticity in the asthenosphere
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(Maxwell or Burgers), possibly variable spatially, but identical for the two earthquakes, the ratio of the
post-seismic deformations is also A\ everywhere and for all times. So: coga = A-copy and post o (t) =
A-postg1(t). The post/co ratios of the two earthquakes at a same point of the Earth surface and at a

same time ¢ are then equal at all times:

(post/co)g1(t) = (post/co)ga(t) (D

If the viscosities for the E1 earthquake are everywhere k times larger than the viscosities for the

E2 earthquake, then this relationship becomes:

(post/co)g1(kt) = (post/co)ga(t) 2)

In simple words, at any given point, the same strain will be reached after a time k-times longer if the
viscosities are everywhere k-times larger.
For power-law viscosity we use the following creep law (e.g. Stocker‘and Ashby, 1973; Schubert

et al., 1978; Schmeling, 1987):

= O(R(7) "7 ¥

M.l

where ¢ and 7 are respectively the strain-rat€ ‘and deviatoric-stress tensors and Jo is the second
invariant of the stress tensor 1/2 tr(7%). The’stress exponent n varies between 2 and 6 but will be taken
equal to 3 for further applications. The,scalar C' depends, in the mantle, upon temperature, pressure,
water content, grain size, etc. It is\then possibly variable spatially but assumed here to be the same for
the two earthquakes which differ‘only by their magnitude. Then, the two post/co ratios are equal if the

post-seismic motien of the’smallest earthquake is computed at a time A\?t (Section S6.1):

(post | coYgT(A2t) = (post/co) pa(t) 4)

In simple‘words, if the moment of E1 is A-times smaller than the moment of E2, the same post/co
ratios will be reached after a time \?-times larger.

Implications of Eqgs. 1 to 4 for post/co ratios after 5 years are investigated through a synthetic nu-
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merical example. Two fictive seismic sources with identical slip distributions but different magnitudes
are used: i) a M,, 8.1 earthquake (Fig. 3A), i1) a homothetic (multiplied by 11.4) M,, 8.8 earthquake
(Fig. 3B).

The curves of post/co ratios in the Newtonian rheology case are identical (Newtonian-E1 vs.
Newtonian-E2) (Fig. 3D). On the contrary, the curves of post/co ratios in the non-Newtonian case
differ largely (power-law-E1 vs. power-law-E2), by a factor of 10 (Fig. 3D). A direct illustration
of Eq. 4 based on modelled time-series in case of power-law rheology is provided in Supporting
Information (Fig. S8).

Numerical tests concur with the above analytical relationships. Both show that when the effective
viscosity is the same, post/co ratios as a function of time and distance from the trench are equal,
whatever the magnitude of earthquakes (assuming an identical slip pattern). The'post/co ratios become
strongly different when the effective viscosity differs either through power-law rheology or through
linear but regionally variable viscosities in the asthenosphere (see'Eq2, Eq. 4 and light red dot-dashed

line in Fig. 3).

3.2 Asthenospheric viscosity, earthquake magnitude and slip distribution: numerical tests for

non-homothetic earthquakes

We now consider the case of two earthquakes with non homothetic co-seismic slip distributions: the
fictive M,, 8.1 earthquake (referred to as El, Fig. 3A) and the real Maule earthquake M, 8.8 from
Klein et al. (2016) (referred to as E3, Fig. 3C). The Maule earthquake slip distribution presents patches
extending from 32°S to 39°S and several deep slip patches (below 45 km depth). The fictive slip
disttibution ‘of E1 corresponds to the main patch of Maule only, but with reduced N-S extent and

without deep slip patches. So the magnitude is reduced but also the slip distribution is different.

The curves of the post/co ratios in the Newtonian rheology case are again almost identical (Newtonian-
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El vs. Newtonian-E3, Fig. 3D). And likewise, the curves of the post/co ratios in the non-Newtonian
case differ largely (non-Newtonian-E1 vs. non-Newtonian-E3, Fig. 3D), by a factor close to 10. So,
the scaling laws described by Eqgs. 1,2 and 4 can still be used, in first approximation, to compare the
post/co ratios of earthquakes with co-seismic slip distributions that differ in both north-south lateral
extent and average depth.

To better understand why the post/co ratios vary little with the co-seismic slip distribution, we plot,
along the same profile the ratios of i) co-seismic offsets (co(E3)/co(E1)); ii) cumulative post-seismic
displacement (post(E3)/post(E1)) and iii) von Mises stresses ((1/(3.J2) where J, is theSecond
invariant of the stress tensor) at 200 km depth in the asthenosphere and at the date of the ‘earthquake
o(E3)/o(E1) (Fig. 3E). These ratios would all be equal to the ratio of seismic moment(11.4 in this
case) if the earthquakes were homothetic. In the far-field, they are close to the'seismic moment ratio of
11.4, and slightly differ only because the average depth of the co-seismic\slip for the two earthquakes
differs (Fig. 3E). In the near-field, all three ratios decrease as we get'eloser from the trench since only
a little fraction of the widespread source of Maule earthquake is acting. Therefore, relations between
post/co ratios, exact in the homothetic case, remain appfoximately valid for realistically different

earthquakes.

4 DISCUSSION AND CONCLUSION

This study highlights{the striking similarities of the ratios of post-seismic displacements over co-
seismic offsets after theithree Chilean earthquakes. We propose a simple interpretation of these obser-
vations based on fairly basic models involving purely Newtonian or power-law rheologies.

The time-dependent stresses associated with the seismic cycle are in reality superimposed on the
steady (i.e. steady over a time-scale of few 100 yrs) background stresses involved in plate-tectonics

and global mantle convection. In case of power-law creep, the visco-elastic response to an earthquake
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becomes coupled to these background stresses. If the deviatoric stresses associated with the earthquake
cycle are smaller than the background stress, then the effective viscosity governing the post-seismic
deformation becomes linear although anisotropic, as discussed in detail in Schmeling (1987) concern-
ing Glacial Isostatic Adjustment (GIA). Assuming a background stress of 4 x 10* Pa corresponding to
a 5 cm/yr velocity variation across a 200 km depth asthenosphere with a viscosity of 5 x 108 Pa.s, the
post-seismic deformation induced by Iquique and Illapel earthquakes would mostly happen under this
linearized regime (Fig. S9). However, the stresses in the near and mid-field just facing the rupture zone
of Maule would strongly exceed the background stress during the first years after the earthquake. and
the strong variability of the post/co ratios that we infer for the power-law case would-persist. Jn the
unlikely presence of background stresses larger than 10° Pa, the post-seismic deformations induced

by the three earthquakes would occur under the linearized regime.

It seems difficult to argue for a smaller intrinsic viscosity in the area affected by Illapel and Iquique
earthquakes, which would cancel the potential effect of a power-law. viscosity. For example, the con-
stant C' in Eq. 3 would be multiplied by 100 in the ar€a affected by Iquique and Illapel earthquakes
because of conditions hotter or wetter than in the ‘area affected by Maule earthquake. Actually, the
seismic velocities in the asthenosphere (eqg. Feng et al., 2007; Celli et al., 2020), thought to be good
indicators of temperature or water<content,” are slightly lower in the area affected by Maule earth-
quake, suggesting a somewhat lower intrinsic viscosity. Both power-law creep and the intrinsic effect
would then lower the effective*viscosity in the area affected by the huge Maule earthquake, making
the misfit to data even worse. Such a large viscosity difference in front of the rupture zone of the three

earthquakes-is-not,supported by our observations.

Manystudies favour power-law rheology to explain post-seismic deformation (e.g. Pollitz et al.,
20015 Freed and Burgmann, 2004; Freed et al., 2006; Barbot, 2018; Agata et al., 2019; Muto et al.,

2019; Pena et al., 2019; Weiss et al., 2019; Pena et al., 2020). The two main reasons invoked are ei-
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ther an observation (significant long-term uplift of the volcanic arc after the Aceh, Tohoku or Maule
earthquakes) or a model requirement (an apparent increase in effective viscosity with time). Indeed,
models with uniform linear viscosity in the asthenosphere, a flat lithosphere-asthenosphere boundary
and Maxwell rheology do not predict uplift in the volcanic arc and have difficulties to fit long time-
series with a single viscosity. Power-law creep does induce short-term uplift in this region, but during
a few months only. Any model involving a linear low viscosity wedge (Trubienko et al., 2014) or chan-
nel (Klein et al., 2016) also predicts long-term (> 10 years) uplift on the volcanic arc, as observed.
The visco-elasticity of the heterogeneous asthenosphere is unlikely to correspond to a Maxwellimate-
rial, as demonstrated by the homogenization theory (Ivins and Sammis, 1996). The temporal increase
in apparent viscosity can be explained by Burgers rheology. Post-seismic slip en the\interface also
contributes to a rapid initial deformation. Rapid deformation in the first months-after the earthquake
and uplift of the volcanic arc are predicted by a power-law type rheology but also by other rheological
features of the asthenosphere. The comparison of deformations induced by stresses of very different
magnitude (Maule vs Illapel and Iquique) provides a specific, so/far unexplored argument in the debate

between linear and power-law viscosity.

The surprising similarity of the post/go ratios as a function of time and distance from the trench
for the three recent Chileanmegathrust earthquakes suggests a rather uniform effective viscosity from
North to South in thel asthenosphere below the South American plate, south of 15° S. We find that
power-law creep plays'no significant role in post-seismic deformation, which can be actually modelled
using linearrheology. It is somewhat more difficult to know whether these observations on the post/co
ratios méean that the asthenospheric rheology governing long-term mantle deformation is also linear, as
the answer to this question requires an estimate of the magnitude of the background stress. However,

unless we have grossly underestimated the background stress, the similarity of the deformations in
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the early stages after the Maule, Illapel and Iquique earthquakes indicates a linear rheology of the

asthenosphere also for the long-term processes.
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Figure 1. A-Cumulative post-seismic displacements/(cm) after 5 yrs for Maule (red), Iquique (blue) and Il-
lapel (green) earthquakes. Epicentres (stars) and focal mechanisms from USGS. The dashed line depicts profile
P. The inset depicts the studied region (N=Nazeasplate, SA: South-American plate). Evolution with distance
from the trench of: B- co-seismic offsets (uncCertainties are exaggerated 200 times) and C- cumulative post-
seismic displacements over 5 yrs (uncertainties,are’ exaggerated 50 times). B & C- Circles indicate stations
where both co-seismic offsets and cumulative-post-seismic displacements are measured while squares indicate
stations where either co-seismic offsets, or some of the post-seismic displacements are interpolated (missing
data). All points have uncertainties, just hard to see if too small. Details about uncertainties are provided in
Section S2.3. All values are summarised in Tables S1 and S2.
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Figure 2. A- Evolution with the distance from the trench of the ratios of post-seismic displacements over co-
seismic offsets for Maule (red), Illapel (green) and Iquique (blue) earthquakes. Circles and squares have the
same meaning as in Fig. 1. All points have uncertainties, just hard to see ifitoo small. East displacements scaled
by co-seismic offset for two stations B- in near-field: MAUL (272 km, Maule:Eq.; in red) and MNMI (201 km,
Iquique Eq., in blue) and C- in far-field: VBCA (1083 km, Maule EqZ, inwted) and EPSF (1127 km, Illapel Eq.,
in green). B & C- Pre-seismic trend subtracted, station distance from the'trench indicated in legend.
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Figure 3. Co-seismic slip distributions of A-E1: Fictive M,, 8.1, B-E2: Fictive M,, 8.8 and C=E3: Maule M,,
8.8 (Klein et al., 2016) earthquakes. The colorscale is the same for the 3 slip distributions and is”voluntarily
saturated for B (max slip = 94m) and C (max slip = 45m). The dashed line at 35°S depicts the profile P along
which curves of D and E are calculated (cf Fig. 1). The dotted lines depict the slab depth'contotrs in km (Hayes
et al., 2018). D- Evolution with distance from the trench of the post/co ratios overSyrsyfor E1 (dotted line),
E2 (dashed line) and E3 (solid line) earthquakes predicted by a model with a Newtonian (4.75 x 10'® Pa.s)
(red) vs a power-law (blue) asthenospheric viscosity. Note that the curves of \Elwand E2 are identical in the
Newtonian case. E2bis (light red dot-dashed line) depicts the post/co ratios obtained for the E2 slip distribution
with a Newtonian viscosity 10 times higher (4.75 x 10'° Pa.s) E- Evolutiomwith distance from the trench of
the ratio between E3 and E1 earthquakes of the i) von Mises stresses (o, mre= blue solid line) at 200 km depth at
the time of the earthquakes; ii) surface co-seismic displacements (co - black dotted line); iii) 5-year cumulative
post-seismic displacements (post - orange dashed line). The ratio of seismic moments (M) is indicated with a
purple solid line.
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