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Abstract We use continuous and survey GNSS data to image the spatial and temporal evolution of
afterslip during the 2 months following the M|, 8.3 2015 Illapel earthquake. Our approach solves for the
incremental daily slip at the subduction interface using nonnegative least squares with spatial and temporal
Laplacian regularization constraints. We find that afterslip developed at three specific areas at the megathrust,
surrounding the coseismic rupture. In addition, well resolved afterslip also occurs within the coseismic rupture
area that experienced ~4 m of seismic slip. Our afterslip model shows striking correlations with the spatial
distribution of aftershocks and repeating earthquakes. We capture the local afterslip triggered by a M, 6.8 and
two 6.9 aftershocks that ruptured downdip and north of the coseismic rupture, respectively. The latter ones
were possibly triggered by the afterslip that developed north of the rupture. We also find a pulse of enhanced
aseismic slip lasting a few days south of the rupture that spatially and temporally correlates with a seismicity
burst. We finally find that areas of enhanced afterslip spatially correlates with areas having experienced regular
seismic swarms observed during the years prior to the Illapel earthquake. This correlation supports the view
of localized fluid high pore pressure areas behaving aseismically and surrounding a highly locked asperity,
preventing the seismic rupture to propagate into them.

Plain Language Summary After a large earthquake, aseismic slip occurs in the vicinity of the
seismic rupture. In this study, we focus on the aseismic slip that occurred after a large subduction earthquake of
magnitude 8.3 in 2015 in central Chile. Using GPS time series, we obtain a spatiotemporal view of the aseismic
slip during the 2 months following the earthquake. We find that aseismic slip occurred at three preferential
areas located at the periphery of the rupture, as observed for many earthquakes. However, we also identify a
patch of aseismic slip within the rupture area. We could image the daily afterslip rate and compare it to the
daily seismicity and found striking correlations with the spatial distribution of aftershocks. In particular, we
find that the largest aftershocks with magnitude 6.8-6.9 are tightly related to the evolution of afterslip. This
result suggests that precisely monitoring the evolution of afterslip after a large earthquake might help to define
preferential areas of large aftershocks. We also find a potential slow slip event south of the mainshock rupture
which correlates with a local increase of seismicity. Finally, we find that the areas of enhanced afterslip had
experienced seismic swarms decades before the earthquake, possibly reflecting areas of the fault with high fluid
pore pressure. These results highlight new aspects about the dynamics of afterslip.

1. Introduction

During the weeks following a large earthquake, transient aseismic slip, referred as afterslip, develops at the fault
and dominates the deformation observed at the Earth’ surface. The development of continuous GNSS networks
at subduction zones for almost three decades has allowed to capture the main pattern of the afterslip that followed
some major megathrust events: afterslip initiates immediately after the earthquake, with a slip rate decreasing
through time as % leading to a logarithmic growth of the cumulative slip (e.g., Perfettini et al., 2010). Afterslip
takes place at areas of the fault surrounding the coseismic rupture (Perfettini et al., 2010), with little if any slip
inside the coseismic rupture. The evolution of the cumulative number of aftershocks mimics the afterslip evolu-
tion both in time and space, and the moment released through aftershocks is only a small fraction of the afterslip
equivalent moment (Hsu et al., 2006; Perfettini & Avouac, 2004).
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Afterslip has been interpreted as the frictional response of the fault to the stress increment induced by the earth-
quake at the area surrounding the coseismic slip. In a rate-and-state friction framework, areas experiencing
afterslip are supposed to follow a rate-strengthening regime where friction increases with the sliding velocity
(Avouac, 2015; Lay & Kanamori, 1981). Specifically, rate-strengthening law successfully predicts the logarith-
mic evolution of the cumulated afterslip. First order comparison between the location of areas that are locked
during the interseismic phase, the location of the seismic rupture and afterslip support a view where the fault is
composed of locked patches accumulating slip deficit released through seismic ruptures, embedded in an overall
slipping and aseismic fault plane (Avouac, 2015; Lay & Kanamori, 1981).

However, despite the overall success of the above “rate-state asperity model” in explaining the main pattern of
afterslip, there are several observations that suggest a more complex view. For a few cases, afterslip and after-
shocks have been found to be located within the coseismic rupture area (Agurto et al., 2012; Bedford et al., 2013;
Johnson et al., 2012; Tsang et al., 2019). Some afterslip has also been found at areas locked during the years
prior the earthquake (Rolandone et al., 2018). Finally, afterslip develops at specific locations rather than as
a rim surrounding the coseismic rupture as would be expected from the coseismic stress increment (Bedford
et al., 2013; Perfettini et al., 2010; Rolandone et al., 2018).

Finally, some studies argued that Slow Slip Events (SSEs) during the interseismic period and areas of afterslip
take place at the same locations (Hobbs et al., 2017; Rolandone et al., 2018). Those results question the friction
law and the processes that could simultaneously explain the spontaneous occurrence of SSE during the inter-
seismic phase and afterslip. A related open question is to know whether we can observe some modulation of
the afterslip rate, that would be superimposed to the overall long-term afterslip decay. Such a behavior has been
proposed by Bedford et al. (2013) for the 2010 M 8.8 Maule earthquake, where the inversion of GNSS data
shows several pulses of aseismic slip during 2.5-9 months after the mainshock. However, such pulses have not
been documented for others large megathrust events.

1.1. Previous Works on the 2015 Illapel Earthquake

With a good GNSS data coverage and a coastline located ~70 km away from the trench, the September 16, 2015
M, 8.3 Illapel earthquake offers a good opportunity for a detailed study of afterslip time evolution following a
large megathrust earthquake. It ruptured a 200 km long segment of the megathrust along the Nazca/South Amer-
ica subduction in Chile. The Illapel segment experiences regular M8+ earthquakes every 60-80 years (i.e., 1880,
1943, and 2015), and is thought to be the northern segment of the 1730 M ~ 9 great earthquake with a proposed
rupture length exceeding 500 km (Ruiz & Madariaga, 2018). Coseismic slip models consistently find a maxi-
mum slip of 8—10 m, with several meters of slip reaching the trench, attested by a significant tsunami (Barnhart
et al., 2016; Klein et al., 2017; Melgar et al., 2016; Ruiz et al., 2016; Shrivastava et al., 2016). All coseismic slip
models also find that large slip (>5m) remained confined within the first shallowest ~35 km. They however also
highlight that several meters of seismic slip extended downdip to ~55 km depth along a 50 km wide portion of
the megathrust at latitude 31°S (Figure 1).

Previous studies used different data sets, time periods, and methodology to estimate the afterslip. The early stage
of afterslip (hours to 3 days) was studied by Twardzik et al. (2021) and Liu et al. (2022), using kinematic GNSS
data and successive static inversions through time. Both studies found two patches of afterslip, surrounding the
northern and the southern deep edges of the mainshock rupture, but highlighted some peculiar behaviors of
the early afterslip. Liu et al. (2022) found that the rapid displacement evolution observed at GNSS site CNBA
(Figure 1) evolves as a power law, rather than the usual logarithmic model. However, Twardzik et al. (2021) found
that the coseismic slip associated with large aftershocks (up to M, 7.1) for the southern patch (close to CNBA)
can explain all the geodetically determined slip during the first 12 hr for that area. This result highlights that
locally, seismic slip through large aftershocks can significantly contribute to the total slip and certainly impact
the afterslip evolution.

After the early stage, several studies based on daily GNSS solutions and InSAR results concurrently find that
afterslip develops from two discrete areas located along the northern and southern edges of the coseismic rupture.
The two areas of afterslip are separated by the deepest portion of the coseismic rupture (Barnhart et al., 2016;
Feng et al., 2017; Huang et al., 2017; Shrivastava et al., 2016). Detailed studies of the aftershock sequence show
that aftershocks are mainly located at or close to areas experiencing large afterslip (Huang et al., 2017). Frank
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Figure 1. GNSS network used in this study and past megathrust earthquakes. Black and white triangles are permanent and
survey GNSS sites, respectively. The green stars are the large aftershocks epicenters (M,, > 6.8) of the Illapel earthquake
(CSN catalog). The red curves indicate the Illapel 2015 M, 8.3 coseismic slip distribution contoured every 2 m (Klein

et al., 2017). The red star is the Illapel earthquake epicenter. The orange lines indicate the proposed lateral extent of historical
and recent megathrust earthquakes (Ruiz & Madariaga, 2018). The dashed lines are the Slab2.0 isodepth contours every

20 km (Hayes et al., 2018).

et al. (2017) and Liu et al. (2022) further find that the aftershock and afterslip areas are spreading along strike
through time, an observation which is consistent with the prediction for rate-strengthening areas response to a
coseismic Coulomb stress increment.

Although these observations agree with the “rate-state asperity” model, there are also several characteristics
that challenge that view. A peculiar feature is the absence of significant afterslip downdip the deepest part of
the rupture (at latitude 31.2°S, 50 km depth). There is also no afterslip at shallow depth (<10 km) from latitude
30.8°S along the southern edge of the coseismic rupture. In addition, for most models, part of the afterslip over-
laps with areas having slipped seismically by 3—6 m during the mainshock (Barnhart et al., 2016; Shrivastava
et al., 2016).

In this study, we aim at precisely characterizing the spatial evolution of afterslip following the Illapel earthquake.
For that purpose, we perform a full time-dependent inversion of the daily slip from GNSS time series, including
both continuous and survey measurements. While previous studies have described the cumulative afterslip evolu-
tion, our approach focuses on the dynamic of afterslip over periods of a few days. In particular, we investigate
whether afterslip smoothly increases through time as a logarithmic function or whether slip pulses or modulations
can be identified. We specifically compare our model with the seismicity rate evolution and investigate the rela-
tionship between afterslip and the occurrence of the largest aftershocks.
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Figure 2. Observed and modeled time series at selected sites located in Figure 1. (a) continuous GNSS (cGNSS) sites PFRJ, CNBA, TOLO and (b) survey GNSS
(sGNSS) site POBR. Left column is the north component, middle column is the east component, and right column is the vertical component. The gray dots indicate the
daily displacement since the first date of observation together with the 1 — ¢ error bar. The red curve shows the modeled time series according to our preferred afterslip

model.

2. Data
2.1. Data

Our input data set is composed of 28 continuous GNSS (cGNSS) sites and 17 survey (sGNSS) sites (Figure 1 and
Figure S1 in Supporting Information S1). cGNSS sites in the Illapel area were installed by the joint international
laboratory (LIA) Montessus de Ballore (Vigny et al., 2009) and are now operated by the Centro Sismolégico
Nacional (CSN, Universidad de Chile, Santiago, Baez et al., 2018). Six cGNSS sites are located in Argentina
and are part of the Red Argentina de Monitoreo Satelital Continuo (RAMSAC, Pifién et al., 2018). We use the
c¢GNSS time series from the processing SOAM_GNSS_solENS solution described in Klein et al. (2022). Post-
seismic time series are obtained by removing the interseismic velocity before the Illapel earthquake estimated
from 4 years of data with the MIDAS method of Blewitt et al. (2016).

The selected cGNSS network used in this study (see Figure 1) spreads ~150 km along strike north and south of
the coseismic rupture and ~400 km inland from the trench. Twenty-two cGNSS sites recorded data during the
whole period of our study from September 17 to November 31 (74 days), while six of them provided approx-
imately a month and a half of data. Two large aftershocks (M, 7.1 and M, 6.8) ruptured within the 6 hr that
followed the mainshock south of the epicenter (Figure 1) causing a few centimeters displacements (Twardzik
et al., 2021). Our first observation corresponds to the 24 hr average position during day September 17, mitigating
the potential bias induced by the aftershocks on the first position. The cGNSS data are complemented by 17
sGNSS sites reoccupied after the Illapel earthquake and provide 4-9 days of measurements, between September
27,2015 and November 30, 2015. sGNSS sites bring additional information because postseismic daily displace-
ments were still of the order of several millimeters per day during the survey period (Figure 2b), larger than the
daily position uncertainty. Among the sSGNSS data used, five sites are located in the immediate vicinity of the
mainshock rupture and seven others are located less than 50 km from the rupture edge, providing dense meas-
urements above the downdip limit of the coseismic rupture. Compared to previous studies, these SGNSS sites
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Figure 3. Observed (brown) and modeled (green) GNSS cumulative horizontal displacements on November 30, 2015,
74 days after the mainshock. Error ellipses are 1 — o confidence level.

provide additional constraints on the afterslip evolution during their observation period, contributing to make the
model more robust.

2.2. Time Series Patterns

After the Illapel earthquake, cGNSS times series show logarithm-like, rapid, postseismic displacements on the
east component during the first 2 weeks following the mainshock (Figures 2 and 3). The westward displacement
reaches 10 cm at PFRJ and 5 cm at CNBA close to the rupture (Figure 1). Located one hundred kilometers north
of the rupture area, cGNSS site TOLO shows almost as much displacement as CNBA, suggesting a large amount
of afterslip north of the rupture.

As an example, Figure 2 shows the time series at survey site POBR which was installed on 30 September 2015,
2 weeks after the earthquake north of the rupture. POBR shows almost 2 cm of westward displacement during a
week period, demonstrating the interest of including SGNSS data in afterslip modeling.

The GNSS network also recorded the coseismic displacements of the largest aftershocks of the sequence. The
first one was a M, 6.8 earthquake and ruptured on November 7 (51 days after the mainshock) at ~40 km depth.
The others were two M, 6.9 earthquakes that occurred on November 11 (55 days after the mainshock) at shallow
depth close to the trench, ~100 km north of the rupture. In order to investigate the relationship between the after-
slip and the occurrence of those earthquakes, for both dates, we extracted the coseismic offsets and invert for the
coseismic slip spatial distribution (see Figure S6 in Supporting Information S1).

3. Time-Dependent Modeling of the Postseismic Deformation
3.1. Method

The afterslip of the Illapel earthquake has been studied using static inversions of GNSS displacement observed at
successive dates (Barnhart et al., 2016; Feng et al., 2017; Xiang et al., 2021). Although static inversion is useful
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to determine the location of afterslip, it has several drawbacks: it does not warrant that the modeled slip from
two successive models is meaningful, and could for instance lead to nonphysical negative slip. This would be
critical for successive dates where the observed displacement is small, close to the data noise level. Successive
static inversions cannot account for possible differential displacement among sites during the period, that carry
information of the path followed by the slip. Also, new GNSS sites installed after the earthquake cannot be
included in the inversion because their displacement since the earthquake is unknown. In that case, a different
time window can be selected, but with the difficulty of inserting the results in a consistent way in the inversion
of the whole time period.

Our approach overcomes these limitations by simultaneously solving for the spatially variable daily slip rate
using all available time series. It therefore includes the information of the cumulated displacement at a given date
as static inversions would do, but also uses the information of the trend of the observed displacement. It further
includes the constraint that incremental daily slip must be positive. Shrivastava et al. (2016) apply the PCAIM
method of Kositsky and Avouac (2010) to obtain daily afterslip estimates. PCAIM uses a decomposition where
spatially stationary sources are combined with a time function. Compared to PCAIM, our approach does not
include the assumption that slip is a combination of spatially stationary sources. Here, we summarize the method
together with the relevant information for the kinematic inversion of the Illapel afterslip.

The plate interface is discretized into 1,014 quasi-equilateral triangular subfaults with 14 km long edges (see Figure
S2 in Supporting Information S1), following the curved surface from the Slab2.0 model (Hayes et al., 2018). The
fault area extends from latitude 32°S to 28°S and from the trench down to 90 km depth.

The cumulative slip s, (7) at each subfault i at time ¢ is parametrized as a monotonic increasing piecewise linear
function of time:

1<t

si0) = Y Si(t)Ax M

1;=0

where $;(1x) is the constant slip rate during day k with duration A, = 1 day. The displacement d, () observed for
component j at site / is:

g sit) = du() @
i=1

where n is the number of subfaults, i is the Green function, here calculated in an homogeneous elastic half space
for triangular dislocation (Nikkhoo & Walter, 2015). The rake is kept fixed at a value derived from the direction
of the Nazca/South America plate convergence from Vigny et al. (2009). Combining Equations 1 and 2 gives the
observation equation:

W<t n

DD un Silt) = du() ©)

=0 i=1
Stacking §;(#) for all dates in a single vector §, and all time series d;, (¢) in vector d leads to the linear system:

Gs=d “

The inverse problem associated with Equation 4 is highly underdetermined. We add regularization constraints
in the form of minimum Laplacian in space and time. For that, we build a discrete Laplacian operator by setting
that every $;(tx) equals (in the least squares sense) the weighted average of its spatial neighbor at 7, and its time
neighbors at time #,_, and #,,,. Although applied simultaneously in the time-and-space domains, this approach
allows for different spatial and temporal smoothing constraints, controlled by the dimensionless constants 4
and /Itime’
with their associated uncertainty rescaled to account for the observed daily scatter. Because of larger uncertainty

space

respectively. As input data, we use both horizontal and vertical displacements at GNSS sites together

and sensitivity to the Earth’ elastic structure, the vertical component is further down-weighted by a factor of three
in the inversions. This value has been empirically chosen so that the sum of the squared normalized residuals
(residual divided by the standard deviation) is similar for the three components east, north and up.

Our method offers the advantage of explicitly imposing a nonnegative constraint on the inverted daily slip. The
method also accepts that some data might be missing. This is particularly useful for postseismic modeling where
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additional sites are often deployed several days or weeks after the mainshock. Here, for instance, it allows us to
include 4-16 days of survey data in our analysis. Finally, it allows a simple handling of aftershocks without the
need to correct the time series for coseismic offsets. Indeed, Equation 2 can also be written as:

N gt silt —ta) = d(t = 1) )
i=1

where ¢, is the origin time of an aftershock. So, handling aftershocks only requires to consider a time series as
two separate time series before and after an aftershock. This approach was applied in our inversion for the M,
6.8 aftershock of November 7 and the M, 6.9 doublet aftershocks of November 11, considered as a single event.

We apply our method to solve for the daily incremental slip from September 17, 2015 to November 30, 2015. We
selected this period because it ensures that afterslip will be the dominant process with only a small viscoelastic
contribution (e.g., Tian et al., 2020). This period also includes the occurrence of several large aftershocks, allow-
ing to investigate their potential relationship with afterslip.

3.2. Regularization and Choice of Model

We used two approaches to select optimal regularization parameters. The so-called L-curve approach defines
the optimal trade-off between the overall model roughness and misfit to the data (Hansen, 1992). Plotting the
misfit as a function of our regularization parameters defines a surface where misfit decreases as weaker regular-
ization parameters are used. An inflexion point is searched for which smaller regularization values only result
in a marginal reduction of misfit. Here, we explored a range of combination of spatial and temporal smoothness
parameters and compute the misfit defined as y? = (G§ — d)TCd"(Gﬁ — d) for each inverted model § (Figure
space l€aving the choice

S3 in Supporting Information S1). The obtained surface shows sharper variation with A
more subjective. We selected a model with 4 = 0.8 and 4, __ = 5 that we refer as the smooth model.

of /Itime space time
As an alternative method to select an optimal model, we use a cross-validation approach. The cross-validation
has been used to select the optimal spatial smoothing parameters for static slip inversion from geodetic data
(Freymueller et al., 1994; Matthews & Segall, 1993) using the Leave-Out-One approach. We generalize this to
the time-and-space case using K-Fold cross-validation, nowadays widely used in Machine Learning problems.
In that approach, the data is split into K subsets of equivalent size. For a given model, the Kth subset is removed
from the observations included in the inversion and the ability of the remaining data to correctly predict data of
the Kth subset is evaluated by computing the Mean Square Error (MSE) defined by:

MSE; = (G Sk — dk)TC;kl (GiSk — di) [ na, 6)

where d, is the vector of the observation for subset k with length ng, and s} is the estimated model estimated
without including observations d, and G, the submatrix of G whose lines correspond to the observations in d,.
Too smooth models provide bad fit to all data and a large value of MSE,. Too rough models, although providing
good fit to the data used in the inversion, will provide bad prediction at their spatial and temporal neighbors that
were not included in the inversion. In order to reduce the dependence of MSE on the chosen tested data subset, the
inversions are repeated for all k subsets, and the final MSE score is simply the mean of all MSE,. Most studies use
5-10 subsets, ensuring that results do not depend on the chosen division of the data. Here we use K = 9, splitting
the analyzed period into three consecutive time windows and dividing the GNSS site into three separate subsets.
Thus, for each K, one third of the sites have one third of their observations removed, which are used to compute
MSE,. Results showing the MSE score as a function of A, . and 4

space ime are shown in Figure 4a.
Compared with the result of the L-curve, the cross-validation approach suggests that optimal models require
lower temporal smoothing, allowing rougher models in time. We select a model with A___=1and 4, _=0.1 that

space time
we refer as the rough model (Figure 4b).

3.3. Resolution Tests

Resolution of the kinematic inversion is difficult to assess since it would require to evaluate the model resolution
both in space and time. Semianalytical solutions for the posterior covariance and marginal probability density
functions have been proposed for the case of a linear inverse problem with covariance regularization and nonneg-
ative constraint (Nocquet, 2018). However, such approach remains computationally out of reach for the present
problem which includes 75,000 parameters (1,014 subfaults X 74 days).
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In the Supporting Information S1 (see Figure S4 in Supporting Information S1), we provide static inversion
checkerboard tests to evaluate the spatial resolution of our models. These tests show that patches with size of
50 x 50 km? can be resolved close to the coastline, while the resolution decreases close to the trench and to a
lesser extent at depth. A kinematic inversion is expected to provide a better resolution than a static inversion at a
final date of slip because the kinematic approach requires the whole history of displacement to be fitted. Hence,
the tests presented in the Supporting Information S1 are probably pessimistic indicators of the true spatial reso-
lution of the kinematic inversion results.

To get a sense of both the temporal and spatial resolution, we perform dynamic resolution tests by generating time
evolving synthetic models and evaluate how well they can be retrieved in space and time. Details are provided in
the Figure S5 in Supporting Information S1. A first synthetic model mimics an homogeneous logarithmic after-
slip developing at a rim surrounding a fictitious circular rupture, leading to an equivalent M, 7.5 after 20 days.
This synthetic aims at evaluating the potential bias on the modeled slip due to the GNSS sites distribution and the
bad sensitivity to slip occurring at shallow depth close to the trench.

We find that the kinematic inversion is able to retrieve with a good accuracy the spatial distribution of afterslip
distribution, with only reduced slip close to the trench at 31.5°S (Figure S5a in Supporting Information S1). The
synthetic test reveals only mild method artifacts which would erroneously concentrate the slip (Page et al., 2009).
The overall time evolution is very well retrieved, as demonstrated by the similarity of the moment rate through
time, with only slight underestimation of moment (Figure S5a in Supporting Information S1).

Given the good results obtained, we generate a new synthetic model by adding a slip pulse to the previous synthetic
afterslip model. The synthetic slip pulse has a Gaussian spatial distribution and a Gaussian slip rate evolution
through time. This model aims at evaluating whether some modulation of slip rate, small compared to the after-
slip, could be retrieved by the inversion. Figure S5b in Supporting Information S1 shows the resulting inversion.
Aside the overall decreasing rate, the inversion images a patch of enhanced slip, slightly spread compared to the
synthetic model, but occurring at the time of the pulse.

4. Cumulative Afterslip Evolution

As a result of our time-dependent inversion, we simultaneously obtain the spatial distribution of cumulative
afterslip through time and its time derivative, the afterslip rate. We first describe the evolution of the cumulative
afterslip and discuss its correlation with the seismicity. Then in Section 6, we focus on the high frequency dynam-
ics of afterslip and its relation with the large aftershocks.

4.1. Cumulative Afterslip

Both the smooth and the rough models find that afterslip initiates immediately after the mainshock at three
distinct areas (Figure 5a and Movie S1 in Supporting Information S1). A first patch is located north of the
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Figure 5. (a—g) Cumulative afterslip evolution (smooth model) contoured in red from 20 cm and then every 10 cm. Slip inversion results for the largest aftershocks on
November 7 and November 11 are contoured in brown. Their focal mechanisms is from Global CMT (Dziewonski et al., 1981; Ekstrom et al., 2012). The mainshock
slip is contoured in blue every 2 m (Klein et al., 2017). The blue star is the M, 8.3 2015 Illapel epicenter. The dashed lines are the Slab2.0 isodepth contours every

20 km (Hayes et al., 2018). (h) Cumulative source time function in green and cumulative number of events (CSN catalog) as blue bars. The vertical dashed lines in red

show the date of the largest aftershocks.

coseismic rupture at relatively shallow depth (~0-20 km, Box A, Figures 5a—5g). The two other patches of slip
(Boxes B and C) develop at greater depth (~40 km) on the interface, on each side north and south of the deepest
part of the coseismic rupture (Figures 5a-5g).

At a first order, the three areas of slip take place along the edges of the coseismic rupture, but do not perfectly
surround it. More specifically, our results, with denser data, confirm that no afterslip developed downdip of the
coseismic rupture at depth greater than 60 km. Overall, the pattern of afterslip shows significant north-south
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asymmetry in the amount of afterslip. Indeed, as also found in previous studies, the northern patch (Box A in
Figure 5g) appears to be the largest, both in size and amount of slip (Barnhart et al., 2016; Huang et al., 2017,
Xiang et al., 2021). Its size is 80 km along dip and 70 km along strike, about twice the size of the deeper patches
(Boxes B and C in Figure 5g). The cumulative slip at Box A reaches 50 cm after a month and exceeds 80 cm after
74 days, while it is 50 and 40 cm for the Boxes B and C, respectively, at the end of the studied period. Hence,
slip in Box A contributes to 70% of the moment released through aseismic slip during the 74 days. Our inversion
finds slip occurring at shallow depth, reaching the trench while previous studies found it to be restricted deeper
than 10 km. Given the large distance from the GNSS sites, the shallowest afterslip cannot be well resolved. The
observed difference among afterslip models, aside the different data sets, most probably reflects the impact of
different regularization constraints. It however shows that a model involving shallow afterslip reaching the trench
in Box A is allowed by the data.

As also found in previous studies (Barnhart et al., 2016; Feng et al., 2017; Liu et al., 2022; Shrivastava et al., 2016;
Twardzik et al., 2021; Xiang et al., 2021), the shallowest part of Box B appears to overlap with an area of signif-
icant (2—4 m) coseismic slip. This latter area is close to the coast which hosts several GNSS sites, making this
result robust. Box C shows similar size and slip as Box B, with a propagation of slip southward away from the
rupture occurring during the first 10 days (see Movie S1 in Supporting Information S1). Box C is located where
the two early aftershocks (M, 7.1 and 6.8) occurred within the first 6 hr after the mainshock. The early afterslip
imaged by the inversion at this area must also include the afterslip of these early aftershocks.

Overall, after 74 days, taking a shear modulus of 30 GPa, the moment released by the afterslip is 3.53 X 10?° N.m,
equivalent to a M, 7.6 (Figure 5h), which represents approximately 13% of the seismic moment released by the
M,, 8.3 Illapel earthquake. The cumulative moment and cumulative number of aftershocks show a similar time
evolution (Figure Sh), as commonly found for other earthquakes (e.g., Hsu et al., 2006; Perfettini et al., 2010).

4.2. Comparison of Cumulative Afterslip With Seismicity

The aftershock sequence following the Illapel earthquake has been studied in great details, offering the opportu-
nity for further tests of the dynamics of slip at specific locations along the plate interface. For comparison with
our model, we used two different studies of seismicity. Huang et al. (2017) used a template matching approach to
produce an improved earthquake catalog during a 1 month period following the mainshock (September 16, 2015
to October 16, 2015). From this catalog, they extracted 291 sequences of repeating earthquakes. They used the
empirical relation between repeaters' seismic moment and aseismic slip from Nadeau and Johnson (1998) to
derive estimates of incremental aseismic slip occurring along the fault. These increments of slip are then summed
to provide a map of the cumulative aseismic slip, hereafter referred as repeater afterslip model. Frank et al. (2017)
used the waveforms of earthquakes from the CSN catalog (Baez et al., 2018) and applied a matched-filter search
for additional earthquakes. They obtained a catalog including more than 16,000 events spanning 19 months, from
January 1, 2015 to June 27, 2016, covering the period analyzed in our study.

At a first order, our geodetic afterslip model, the repeater afterslip model and the density map of aftershocks
all show very similar spatial patterns, outlining a crescent-shaped area surrounding the coseismic rupture with
a strip of slip and aftershocks crossing the deep extent of the coseismic rupture (Figures 6a—6¢). The observed
spatial correlations between the geodetic afterslip models, the repeater afterslip model and the aftershocks spatial
distribution are much better than any previous published models of afterslip derived from geodetic data (Barnhart
et al., 2016; Huang et al., 2017; Shrivastava et al., 2016).

Our geodetic afterslip models and the repeater afterslip model consistently find that both the slip amount and
the moment release are significantly larger in Box 1 north of the coseismic rupture than in Boxes 2 and 3
(Figures 6a and 6b). The density of aftershocks from Frank et al. (2017) catalog does not highlight a significantly
higher aftershock activity at Box 1 (Figure 6¢). On the contrary, it finds more aftershocks taking place at Box
3, perhaps because of a large number of aftershocks in this area during the first hours following the mainshock
(Twardzik et al., 2021). Some spatial correlations between our models and the repeater afterslip model for some
details are striking (Figures 6a and 6b), like the southernmost extension of afterslip in Box 3 or the overall
southwest-northeast orientation of the slip area of Box 3.

There are also some noticeable differences. In terms of relative slip between the three areas of afterslip, Huang
et al. (2017) model find that Box 3 experiences more slip than Box 2 while they are similar in our model
(Figures 6a and 6b). This is perhaps also due to the contribution of aftershocks during the first hours following
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the mainshock (Twardzik et al., 2021), a pattern that our inversions cannot capture because they use 24 hr aver-
aged data, starting the day following the mainshock.

The overall good spatial correlation found between the geodetic afterslip models with aftershocks confirms the
view that afterslip drives the seismicity evolution and the repeated failure of small asperities (Figure 6). However,
the comparison of seismicity with our afterslip models suggests that areas of higher aftershock activity are located
at the edges of high afterslip areas rather than centered at the maximum slip areas (Figure 6¢). This pattern can
clearly be seen for the southern patch (Box 3 in Figure 6¢) where patches with higher density of aftershocks
are located updip of high afterslip patches. To a lesser extent, a similar pattern is observed for the northern and
deeper patches (Figure 6¢). The comparison with the repeater afterslip model also suggests that repeaters were
preferentially activated at the periphery of high afterslip patches (Figure 6b). We acknowledge that the observed
spatial correlation between slip gradient and aftershock/repeater activity cannot be demonstrated given (a) our
resolution tests, (b) the location uncertainty of aftershocks, and (c) the spatial averaging choice (0.15° x 0.15°
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wide cells) used in the repeater afterslip model (Huang et al., 2017). Nonetheless, our comparison shows that
such a correlation is compatible with the data and also compatible with a physical model where aftershocks occur
as the result of increased shear stress at the interface induced by nearby aseismic slip, as proposed in Chalumeau
et al. (2021). In terms of slip amount, the repeater afterslip model is sensibly higher than our afterslip models
(Figures 6a and 6b).

Now focusing on the temporal evolution, Figure 5h confirms an overall agreement between the evolution of the
cumulative afterslip and the cumulative number of aftershocks. In an attempt to evaluate potential finer corre-
lation, Figures 6d—6f show the cumulative slip evolution for the repeater afterslip model calculated by Huang
etal. (2017) at three different areas (Boxes 1-3 in Figure 6a) together with our geodetic afterslip model prediction
during the 30 days that followed the mainshock. The cumulative slip estimated from the repeaters and from the
geodetic data differ in magnitude. The cumulative slip from the geodetic model is ~60% of the slip estimated
from the repeaters at the three areas. Such a difference could arise from the combination of several effects, like
the empirical laws used to convert repeater magnitude into slip, the size of the cells to compute the slip from the
repeater, the regularization constraints used in our inversion or an error in the elastic Green functions. The choice
of the box size also has a large effect on the cumulative slip evolution.

5. Slip Rate Evolution

Most studies of afterslip so far have focused on the cumulative slip evolution and little attention has been paid on
the dynamics over short periods. Our approach which solves for the slip rate offers the opportunity to test whether
slip rate decreases smoothly in time or experiences pulses of slip at some areas of the fault. Figures 7a—7f show
the spatial distribution of the afterslip rate at selected dates, from our smooth model. Figure 7g shows the afterslip
moment rate together with the daily number of aftershocks for the smooth model. Because the cross-validation
test suggests that rougher time evolution is resolved in the data, Figure 7h shows the afterslip moment rate from
our rough model.

Velocity-strengthening response to stress increment predicts that high slip rate should decrease rapidly as % The
overall moment rate function shown in Figures 7g and 7h show such a rapid decay, with a moment rate decreasing
by a factor of 3 after 10 days. Fitting a simple $,/(1 + ¢/7) function to the moment rate function of Figure 7g,
we find a characteristic decay time of 7 ~ 5 days. Afterslip rate appears to be the largest at the northern patch
(~50 mm/day versus 25 mm/day for the deep and southern patches). The slip rate at the three patches decreases
through time down to a few mm/day after 2.5 months. However, superimposed to the overall % decay, an increase
of the afterslip moment rate is observed around the period of occurrence of the largest aftershocks (Figures 7g
and 7h), between 50 and 60 days after the mainshock. This period is also marked by an increase of the microseis-
micity daily rate (Figures 7g and 7h). In the following, we investigate in details the potential relationship between
the afterslip and those large aftershocks.

5.1. Afterslip Behavior and the M, 6.8, 7 November Deep Aftershock

The M, 6.8 aftershock occurred on November 7, 51 days after the mainshock. The inversion of the static offset
finds that it ruptured a 20 x 20 km? patch at 40 km depth, north of the deepest extent of the coseismic rupture (see
Figure S6 in Supporting Information S1). Our cumulative afterslip model finds that this aftershock occurred in
one of the three areas experiencing enhanced afterslip (Figure 5e). For that area, the afterslip rate model indicates
that the slip rate decreases from ~35 mm/day on the day after the mainshock down to less than 5 mm/day on
October 29, that is 42 days after the mainshock (Figures 7a—7c). This value of slip rate is similar at the three areas
of afterslip. However, from day 48 onward, while the slip rate continues to decrease at Boxes A and C (respec-
tively north and south of the coseimic rupture), slip rate increases at the deepest part of Box B (the 31°S patch,
Figure 7d). A maximum slip rate of ~10 mm/day is found the day following the M, 6.8 aftershock (Figure 7e),
before decreasing during the next following 10 days.

The aftershock coseismic offset does not impact our inversion because time series of nearby GNSS sites have
been split at the time of the aftershock to form independent observations and hence does not contribute to the
modeled afterslip. However, the temporal smoothing constraints required to stabilize our inversion would tend
to spread any daily sharp slip rate increment over a period of a few days. In order to evaluate this potential
“time spreading” effect in our inversion and to better characterize the slip rate evolution around November 7, we

TISSANDIER ET AL.

12 of 21

85UB017 SUOWIWOD SAIEaID 3qedl|dde auy Ag pauieob 818 S9iie VO ‘88N JO S3INJ 10} ARIq1T 8UIUO A8]IM UO (SUOHIPUOD-pUe-SWLBH W00 A3 1M ARRIq 1 BU 1 |UO//ST1Y) SUORIPUOD PUe swie | 8y} 89S *[£202/50/2T] U0 Areiqiauliuo A3|IM ‘Sired ap aneLiedns afewioN 81003 Aq 8./¢208r2202/620T OT/I0p/wod A8 Are.q 1 pul|uo'sgndnBe//sdny wouy papeojumoq ‘Z ‘€202 ‘9566912



21699356, 2023, 2, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2022J8024778 by Ecole Normale Supérieure de Paris, Wiley Online Library on [12/05/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

- z 3% 5
o0 £ =2 g8 8 o
0 E w3 HE= = ©
~ = — 5 ;8 8 9
o~ = (=2 ~ T 9 g o
<t 3 N Lo O - —
Q g o) -
N S E o o >
) C L% % = 85
/M = >E 7 5 4553
— T ~60kmem— S g = 2 S gw
S S - s8¢ ==
N T T =2 N E » 2 Qo
L = = &0
=] e, T T (Aep/wi'N) @184 JUBWON g2 ET 2 .W.c W = 3
Q T2 - Y : o - (Kepjw’N) 2184 JUSWO 2.2 .23 - Q
X 82 ~N & - e S < ~ ~ — ° o 5 5 o s § 7
57 TR A N o o 8 3w = © oy
8 & 2 3 S5 % g £ %7 =
= .
g E 0" < 229" 8 £5 g
= . aml@ L 5 2 8
S | [T ° .mnla..mo Wh/.wb.mﬂ
yyyyyyyyyyyyyyyyyyy 3 3 2 S 8 < E dm..\ﬂe
yyyyyyyyyyyyyyyyyyyyyyyyyyyyyy > v Ve - ektd
E| o} o L 3 =0 s &
\ 8 ERR-l = S =
e o o< =B Q9 e — o
@ 2 2% = = & c S o 2
< v £ 3 ==
3 T hw?.e rﬂha
s o o E =2 -2 g 8B =
< s 2= = 0 ]
2 =8 5~ S o g
=1 mnﬁg mela
s . s E g 28 v
8 Re SS9 S%5 . 5% 8 9
= @ 282 8 Z 228 8
= R Eds 8 28
e 2 Q> 22<<2 6§ =2 8 @
) 5 S 5 9 g% ¢ =
a [a) = g = =
2 o S 5 Lo o=
= o2 9 =y A=
= o 2 2 Ze o3 EECE
= — 2 Qe 0 85 .9 g &
= sEFE; 2S5 %
= o BT O & gy 9
=) ° So 288 PR
=} = = =]
g2 =
R § 8 8 8 8 & ° ¢ =2 g g g g -° mmbwm -
= 2 8§ 8 ~
.o Kep 13d sjuans jo JsquinN Kep Jad sjuaAs Jo Jaquiny o pvv.ms.:m - = ..N rm
= 228 o a r“m[.ne
S E£Z 525 8= 8 =
S "9 28w g5~ v
= 2E£98 E%%ow
S S 8= 2827
> ooos 8 0 = g =
N o S oA o0 = 17205 <
) e T2 ag.E =2 2 =
7 sl 7 ESZz3 G532 E
© = Z =]
= 87 Lo n235Z  Fepsd
: - =) g S o
o 2/ o Wm..mm.m mnag\n
o— e 7 W g Z] = B ~
S o (=
7 8 L L s < 7] —- s Q
km2d S = 0
>, 2 = s2EL.Z =253
S
h Ml x is m..m.mew mwuw..m
S 4 N @180, ngw‘m mmnma
) A Egga?® Z xS O
<3} 5 S S S B S 0 » —
S 2o &= — 2 52138
&) 558 2E g5 2L 8
22 05 S g8 a3
e _ =232 g g s o=
) = o W T S v 89S IRz =
. sz | Ty °Sfd’g €8 38% ¢
= | & 35 S5E%: $25%z
= T B 2EELBS &8 2 &
— AT T 17}
o Qg RE— Ll Wl N kama
« = 2RS4
= 2850 &
=) mro.MMm.l
= <
XK S
p— mol%a
N~ rrmassp (AN SN N e — A < B .anC
5 <R AR ) L - T e e N 28=REZ
~ m.mmmm
[l .
= el 2 5 —
e S 3
NSm,Nd <
..... =4 525 =
S 9
1) %) » »n » » » » AgaerE ~ >
—_— o ° o o o ° o o N o @2
my Ty > ) - & > o) - I o AL E o~
md iZ « @ ™ ™ « ® ™ » T2 228 o
o £5e858 a
B 03 ET
oz 580 9§ Z
3 2 B
Sa @ = = <
<(i: S22% ¢ 2
EE 2B =29 oo %)
L= S0 =
= 80E & I




AP~ . .
A\ Journal of Geophysical Research: Solid Earth 10.1029/20221B024778
AND SPACE SCIENCE
ms—— W TLY , , ,
a) | ; b) / i e
/ /¥ Day50 [ i Day 51 i Day 52
/ '2015/11/06 2015/11/07 2015/11/08
30°S /
31°S ;
32°sif !
’: ISlip rate (mm/day) |
| | /——m, |
i : 2 4 6 : 8 10 E

Figure 8. (a) Daily slip rate of an inversion ending on November 6. (b, ¢) Daily slip rate of inversion starting on November 7 and ending on November 10. The slip
rate is contoured in green every 2 mm/day. The black dots are the seismicity occurring at the selected dates (CSN catalog). Slip inversion results for the M, 6.8 on
November 7 is contoured in brown. The mainshock slip is contoured in blue every 2 m (Klein et al., 2017). The blue star is the M, 8.3 2015 Illapel epicenter. The focal
mechanisms are from GlobalCMT (Dziewonski et al., 1981; Ekstrom et al., 2012). The dashed lines are the Slab2.0 isodepths every 20 km (Hayes et al., 2018).

We conclude that (a) the November 7 M, 6.8 aftershock occurred in an area of enhanced afterslip compared to
the neighbor area at the fault, (b) this aftershock generated its own local afterslip during a few days that superim-
posed to the overall evolution of the mainshock afterslip, (c) our inversion approach could capture the local slip
rate increase from the small signal in the time series, that had not been seen in previous studies. However, the
local slip acceleration is blurred in time because of the temporal constraints we imposed, whose optimal values
were adjusted over the whole period of 2 months and all GNSS sites. Specifically “tuned” inversions can however
overcome this limitation and can successfully image the local afterslip triggered by the aftershock.

5.2. Afterslip Behavior and the Two M, 6.9, 11 November Shallow Aftershocks

The doublet of moderate size M,, 6.9 earthquakes occurred 55 days after the mainshock on November 11, at a
distance of ~100 km north of the mainshock rupture area (Figure S6 in Supporting Information S1). Both the
remote location of these aftershocks with respect to the mainshock rupture area and the 55 days delay question
whether they can be considered as aftershocks or not. Our kinematic inversion first reveals large afterslip devel-
oping north of the rupture and possibly at shallow depth. Our smooth geodetic afterslip model further finds
that afterslip would have reached the area ruptured by the November 11 events (Figures 5e and 7e). This result
is in agreement with Frank et al. (2017) who showed that the aftershocks front propagated fast and on a large
distance at shallow depth, north of the rupture. Using the same procedure as for the deep November 7 aftershock,
we tested whether the slight slip rate increase noted in Figure 7e actually occurred during the days preceding the
two November 11 events. The inversion starting on November 7 (after the M, 6.8 event) and ending on Novem-
ber 10 (before the M, 6.9 events) does not show evidence for significant slip acceleration before November
11 (Figure 9a). We therefore believe that the small slip increase in Figure 7e rather reflects the local afterslip
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Figure 9. (a) Daily slip rate of an inversion starting on November 7 and ending on November 10. (b—d) Daily slip rate of an inversion starting on November 11. The
slip rate is contoured in green every 2 mm/day. The black dots are the seismicity occurring at the selected dates (CSN catalog). Slip inversion results for the M, 6.8 on
November 7 and November 11 are contoured in brown. The focal mechanisms are from GlobalCMT (Dziewonski et al., 1981; Ekstrom et al., 2012). The mainshock slip
is contoured in blue every 2 m (Klein et al., 2017). The blue star is the M, 8.3 2015 Illapel epicenter. The dashed lines are the Slab2.0 isodepths every 20 km (Hayes

et al., 2018).

induced by the November 7 earthquake. A small amount of afterslip is also noticed north of the November
11 earthquakes (Figure 7f) likely triggered by these earthquakes.

In order to confirm this view, we performed an inversion starting on November 11 (Figures 9b-9d), a few hours after
the M, 6.9 aftershocks. Despite some noise, this inversion clearly captures the shallow afterslip triggered by the two
M, 6.9 November 11 aftershocks. The aftershock-triggered afterslip area appears to be relatively large given the
moderate magnitude of the two aftershocks (equivalent to a M, 7.1). It is certainly not well resolved considering the
large distance to the nearest GNSS sites, but the location of the found afterslip correlates pretty well with the location
of the aftershocks triggered by the November 11 earthquakes (Figures 9b and 9c). The obtained model further clearly
shows a slip rate decrease, for instance from 8 mm/day during the day of the aftershock down to 2 mm/day close to
the aftershocks, a decrease rate consistent with the overall decay time estimated for the mainshock.

Interestingly, we also note that additional slip is suggested by our model for the deep patch. It also correlates
with some seismicity activity possibly reflecting ongoing local afterslip following the November 7 aftershock
(Figures 9a-9d).

In summary, we find that the largest aftershocks during the 74 days following the Illapel earthquake are linked
with the afterslip evolution. The deepest one on November 7 probably corresponds to a locked asperity brought
to failure by the surrounding afterslip. The 100 km remote distant and 2 months delayed aftershocks were likely
triggered by the large amount of afterslip north of the coseismic rupture.

5.3. A Slow Slip Event at the Southern Patch?

The rougher afterslip model shows additional modulations of the moment rate, which are not related to the occur-
rence of any significant aftershock, but correlates with an increase of the seismicity rate (Figure 7h). By inspec-
tion of Movie S4 in Supporting Information S1, we do not find a clear spatial correlation between the seismicity
rate and the local slip rate increase neither around day 19 nor day 25. However, from day 67 onward, the slip rate
increases at the southern patch of afterslip at ~25 km depth. The slip rate culminates with more than 5 mm/day
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Figure 10. (a—e) Daily slip rate (rough model) of the afterslip modulation south of the mainshock at selected dates. The slip rate is contoured in green every 5 mm/day
(the first 3 mm/day of slip are hidden). The black dots are the seismicity occurring at the selected dates (CSN catalog). Slip inversion results for the largest aftershocks
on November 7 and November 11 are contoured in brown. The focal mechanisms are from GlobalCMT (Dziewonski et al., 1981; Ekstrom et al., 2012). The mainshock
slip is contoured in blue every 2 m (Klein et al., 2017). The blue star is the M, 8.3 2015 Illapel epicenter. The dashed lines are the Slab2.0 isodepths every 20 km

(Hayes et al., 2018).

of slip observed on day 69. After this day, the slip rate slowly decreases until it vanishes on day 72 (Figure 10).
We find that this potential 6-day slow slip correlates with a local seismicity increase at the tip of the transient slip
area. The synthetic test shown in Movie S6 in Supporting Information S1 suggests that the data can resolve very
small transient signal over a few days. Here, the equivalent moment released through the suspected transient is
M, 6.1-6.2. This is indeed very small, but the correlation with the increase of seismicity simultaneously in space
and time is a strong support for the hypothesis of a slow slip event superimposed to the overall afterslip evolution.
The comparison with the interseismic regime described in Section 7.3 indicates that this area of the subduction
interface is prone to regular slow slip events and seismic swarms.

6. Discussion
6.1. Overall Pattern of Afterslip

Overall, our results confirm previous findings of immediate relocking of the coseismically ruptured area and afterslip
developing at the edge of the coseismic rupture. Our kinematic inversion finds the logarithm evolution of the cumu-
lative slip and the % decrease of the slip rate with a characteristic decay time of ~5 days. The cumulative moment of
afterslip is 2.37 x 10%° N.m after a month, equivalent to a M, 7.5, a value similar to Barnhart et al. (2016) and Huang
et al. (2017). After 74 days, the cumulative moment of afterslip is 3.53 x 10 N.m equivalent to a M, 7.6, corre-
sponding to 13% of the coseismic moment. Compared to previous studies, our model finds that, rather than taking
place homogeneously around the rupture, afterslip develops from relatively localized areas. No afterslip developed
downdip the deep edge of the coseismic rupture and the afterslip located north of the rupture is the largest. Aside this
overall behavior, there are specific patterns that we discuss in the next paragraphs.

6.2. Afterslip Within the Coseismic Rupture Area

An average of ~3-4 m of coseismic slip is imaged by all coseismic models (Barnhart et al., 2016; Klein
et al., 2017; Melgar et al., 2016; Ruiz et al., 2016; Shrivastava et al., 2016) at a 30-45 km deep patch. Our model
infers significant afterslip at latitude 31.2°S (~30 km depth) reaching 40 cm, well inside the coseismic rupture
(western half of Box B in Figure 5g and southwest of Box 2 in Figure 6a). Given its dimension (~40 x 20 km?),
the vicinity of the coastline and the direct observation from dense GNSS data for both coseismic and afters-
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significant density of aftershocks (Figure 6c, Frank et al., 2017) and among
them a significant number of repeating earthquakes (Figure 6b, Huang
et al., 2017), providing additional evidences for aseismic slip at this location.
Overlap of afterslip with coseismic slip is also found at shallow depth at
the northern edge of the coseismic rupture (southwestern part of Box A in
Figure 5g and west of Box 1 in Figure 6a). This is an area where a relatively
large distance from the coast prevents the precise location and amount of
slip to be retrieved from the inversion, making this overlap speculative. We
therefore conclude that although most of the afterslip occurred at the edge
of the coseismic rupture area and most of the seismically rupture appears to
have fully relocked quickly, a ~40 x 20 km? region (western half of Box B in
Figure 5g and southwest of Box 2 in Figure 6a) slip seismically and contin-
ued to slip aseismically during the weeks following the mainshock. The area
of afterslip within the coseismic rupture is adjacent to the area found to have
slipped seismically through large aftershocks during the first 6 hr following
the mainshock by Twardzik et al. (2021). It might therefore also include the
afterslip generated by these aftershocks. However, the time evolution of after-
slip at that area (Box 2 in Figure 6e) does not show slower or faster decay
with respect to the other areas of afterslip (Boxes 1 and 3, Figures 6d and 6f).

The observation of significant afterslip taking place within the coseismic area
of the mainshock is somehow at odds with the asperity model described in the
introduction of the paper, where seismic rupture occurs at velocity-weakening
areas of the fault, while afterslip witnesses velocity-strengthening friction.
Both earthquake rupture dynamic simulations (Kaneko et al., 2010; Noda &
Lapusta, 2013) and observations (Harris, 2017) show that seismic ruptures
can propagate into velocity-strengthening areas of faults, through dynamic
weakening induced by high shear stress as the seismic rupture front arrives
at the edge of a velocity-strengthening area. This mechanism possibly

happened during the Illapel earthquake. Aochi and Ruiz (2021) proposed that

Figure 11. Comparison of the 74 days cumulative afterslip smooth model the Illapel earthquake started with a foreshock and that the rupture imme-

contoured in gray from 20 cm and then every 10 cm with the interseismic
coupling of Métois et al. (2014). The white rectangle is the overlapping area
with the coseismic rupture. The mainshock slip is contoured in blue every

diately propagated northward, similarly as observed in the back-projection
and the kinematic slip inversions (e.g., Melgar et al., 2016). The epicentral

2 m (Klein et al., 2017). Slip inversion results for the largest aftershocks on area experienced 3—4 m of slip during the first 30 s of the rupture, before
November 7 and November 11 are contoured in brown. The dashed lines are reaching the future afterslip area which broke between 30 and 40 s, before

the Slab2.0 depths every 20 km (Hayes et al., 2018).

propagating further northward and updip. We speculate that this area is
velocity-strengthening that would explain the observed afterslip and that it
resisted the seismic rupture propagation during the Illapel earthquake, as in
the models proposed by Kaneko et al. (2010).

6.3. Comparison With the Interseismic Coupling Map and 1992-2015 Microseismicity

Interseismic coupling map derived from years before the Illapel earthquake shows rather spatial homogeneous
coupling (>60%) between 10 and 45 km depth (Métois et al., 2014), much smoother than the afterslip distribution
imaged from our inversions (Figure 11). The deepest areas of afterslip correlate with the downdip limit of high
interseismic coupling. The northern patch of afterslip also correlates with weaker interseismic coupling for our
smoother model. However, the afterslip area that occurred within the seismically ruptured area (white rectangle in
Figure 11) shows high coupling, perhaps because it lies in the stress shadow of both updip and downdip locked area.
The southern patch of afterslip is located in a large area of high coupling. This area is located close to the coastline so
it is expected to be well resolved for both our afterslip models and the interseismic coupling model. This observation
is at odds with the asperity model. A similar observation has been made for the Ecuador M, 7.8 2016 earthquake for
one patch of afterslip (Rolandone et al., 2018). In Rolandone et al. (2018), the patch that was locked during the years
before the earthquake was found to host regular Slow Slip Events (SSE) and Seismic Swarms (SS).
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geodetically evidenced yet, possibly due to a lack of a dense permanent moni-
toring network. However, Poli et al. (2017) studied the seismicity during the
20 years preceding the Illapel earthquake and identified regular seismic
swarms. Seismic swarms occur at three distinct areas at the megathrust show-
ing a striking correlation with both our afterslip models and the aftershocks
locations (Figure 12). The first area of seismic swarm at latitudes 30.6°-31°S
matches the patch of enhanced afterslip where the November 7 aftershock
occurred. The second area at latitudes 31.3°-31.9°S is at the edges of the

Log10(Cumulative number of even(s)\

afterslip in our models. Finally, the last one located at latitudes 31.9°-32.6°S
is at the periphery of our afterslip model. Poli et al. (2017) further show that
repeating earthquakes occur during seismic swarms, witnessing associated
SSEs. The location of the repeaters found Poli et al. (2017) is found to occur
at the periphery of the afterslip areas of our rough geodetic afterslip model.
Such correlation between the location of enhanced afterslip and areas expe-
riencing SSEs and SS is very similar to the one observed for the Pedernales
2016 earthquake in Ecuador (Rolandone et al., 2018). It confirms a key-role
of SSEs and SS areas in stopping the seismic rupture for large earthquakes
(Vaca et al., 2018) and in promoting afterslip. Afterslip and SSEs occurring
at the same location has also been observed in the Nicoya peninsula, Costa
Rica (Hobbs et al., 2017).

Poli et al. (2017) noticed that the spatial clustering of the seismic activity
before the Illapel earthquake shares similar orientation with the main fracture
zones observed on the outer rise of the subducting Nazca plate. Therefore,
they propose that areas of the megathrust experiencing seismic swarms corre-
spond to fractures within the subducted Nazca slab, characterized by high
pore-fluid pressure and frequent fluid releases. High pore pressure reduces
the normal stress, favors stress release through transient aseismic slip during
the interseismic phase and through afterslip after a nearby large rupture.

6.4. A Highly Dynamic Afterslip

While the cumulative afterslip evolution shows a smooth increase, the

afterslip rate evolution shows higher dynamics in space and time. Our

modeling suggests that the data not only carry information about the
overall location of afterslip, but also includes information about the high

with the interseismic seismicity (Poli et al., 2017). The green dots are the frequency dynamics of afterslip. This high frequency dynamics is also
repeater earthquakes locations of Poli et al. (2017). The dashed lines are the suggested by the days-long modulation in the microseismicity rate (Movies

Slab2.0 depths every 20 km (Hayes et al., 2018).

S4 and S6 in Supporting Information S1).

Large aftershocks appear to occur at area or at the edge of enhanced after-

slip. These large aftershocks in turn trigger their own, local afterslip that
superimposes to the overall mainshock-induced afterslip. Our approach made possible to identify such modula-
tions, but with the limitation of the smoothing in time of the actual slip rate. Nonetheless, specific inversions at
selected time windows were able to capture the local afterslip of the November 7 M, 6.8 and the two November
11 M, 6.9 earthquakes and their time evolution.

Aside from aftershocks, our rough model highlights a small afterslip rate modulation south of the coseismic
rupture. We suggest that this afterslip modulation is a small slow slip event (SSE). Indeed, the observed slip
shows a progressive slip acceleration and decrease as SSEs do. The proposed magnitude of M, 6.1-6.2 for a
duration of 5-6 days agrees with scaling laws proposed for SSE (Ide et al., 2007). Finally, it occurred at a location
of the interface where regular seismic swarms, most probably associated with SSEs have been documented prior
the 2015 Illapel earthquake (Poli et al., 2017).

These modulations remain small compared to the afterslip, and do not challenge the general view that the main-
shock coseismic stress increment drives the overall pattern of afterslip. They however suggest that some other
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processes are superimposed to it. 10 km scale locked asperities locally resist to the aseismic slip around or at the
edge of them, until the shear stress from both the mainshock coseismic slip and afterslip leads them to break.
Then these aftershocks locally trigger their own afterslip, possibly helping the overall afterslip to propagate
farther. Interpreting SSE is more challenging since they are often associated with velocity-weakening behavior
(e.g., Rubin, 2008). Perhaps, following Poli et al. (2017)' suggestion made for the interseismic period, relatively
sudden pore pressure change due to fluid injection might provide an explanation to be explored in future.

7. Conclusions

A full time-dependent inversion of both cGNSS and sGNSS provides a kinematic view of the 74-day afterslip that
developed during 2 months after the Illapel M, 8.3 megathrust earthquake. It highlights that afterslip developed at
preferential areas at the subduction interface, which had experienced regular seismic swarms and likely slow slip
events during the decades preceding the earthquake. Those areas possibly correspond to fractures within the slab
that promote high pore pressure and are favorable to aseismic slip. Such areas prevented the rupture to extend along
strike at their locations. Afterslip and SSEs are usually thought to witness different friction laws at the megathrust.
Here, they appear to take place at the same location, certainly obeying the same friction law. This observation is not
accounted for in the “rate-state asperity”” model, but it might be key in anticipating the extent of future larges ruptures.

Our detailed modeling further suggests a close link between afterslip and large aftershocks. Ten kilometers of
scale locked asperities might be brought to failure by the afterslip developing in their vicinity, in addition to
the stress increment induced by the mainshock. This process might explain remote and delayed moderate size
aftershocks as our results suggest for the two M 6.9 events on November 11, 2015. Relationship between a
large aftershock and afterslip propagation was recently observed for a M, 6.9 earthquake in central Chile (Klein
et al., 2021). Hence, survey of afterslip evolution after a large earthquakes might therefore help to define prefer-
ential location for large aftershocks to occur.

For the first time, our study images the afterslip rate evolution and highlights that the afterslip is highly dynamic,
like the seismicity. GNSS sites are able to capture the afterslip of the large aftershocks and a slow slip event, south
of the mainshock rupture. This slow slip event correlates with an increase of microseismicity rate.

Those observations are similar to the one made after the M, 7.8 2016 Ecuador earthquake (Nocquet et al., 2017).
Two large M, 6.7-6.9 aftershocks occurred a month after the mainshock in an area of enhanced afterslip having
experienced regular seismic swarms and slow slip events prior the earthquake (Rolandone et al., 2018; Vaca
et al., 2018). A similar pattern was also observed after the M, 7.6 2012 Nicoya earthquake at least updip the
rupture (Dixon et al., 2014; Hobbs et al., 2017; Voss et al., 2017). These similarities suggest a common behavior,
perhaps corresponding to the seismic behavior of the highly heterogeneous subduction interface.

Data Availability Statement

The GNSS data used in this study are the Data Set S1. The continuous GNSS data solution is regularly updated,
for more information please refer to Klein et al. (2022). The kinematic slip inversion code (Nocquet, 2022) is
available on Zenodo at https://zenodo.org/record/7467256#.Y 6Ljb7KZNDbS.
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