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Abstract

Four years ago, using survey GPS measurements, the first deep slow slip event (SSE) was de-
tected in Chile (near Copiapd, Atacama region), unrelated to any major earthquake. It was
located between 40 and 60 km depth on the subduction interface, lasted approximately 18
months (2014-2016.5) and reached an equivalent magnitude of Mw 6.9. The single perma-
nent station operating in the region between 2002 and 2015 revealed that similar events had
occurred at least twice before around 2006 and 2010, suggesting a 5-year repeat time. In an-
ticipation of the next event expected for 2020, we densified the existing continuous GNSS
network in the region with 5 new stations in early 2019. Here we show that the SSE occurred
in 2020 as expected with the 5 year recurrence time. The event started around March 2020
and developed during 6 months, before it was perturbed by the 2020 Atacama seismic se-
quence that occurred nearby. During those initial 6 months, the 2020 event ha d the same
characteristics as the 2014 SSE. It occurred in the same area and at the same depth, repeat-
ing similar a pattern of surface deformation. Before the occurrence of the nearby seismic
sequence of September 2020, it had reached a third of the total amplitude of the 2014 SSE
which had lasted three times longer. Whether the 2020 SSE was aborted when the nearby
seismic sequence occurred or continued in the background is unknown but this will be re-
solved with longer times series.
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Key Points:

+ The 5-year recurrence of the Atacama deep SSE is confirmed
« The first third of the 2014 and 2020 SSEs are very similar

1 Introduction

Over the last decades, many Slow-Slip Events (SSEs) have been detected and quanti-
fied along various subduction zones [e.g. Beroza and Ide, |2011;|Peng and Gombergl 2010j
Schwartz and Rokosky, 2007]|. Sizes, depths and durations are highly variable [e.g.|Wal-
lace and Beavan},2010]]. Some SSEs occur periodically [e.g.|Rogers and Dragert, {2003}
Radiguet et al.|[2012]. So far, and despite being one of the most active regions in the world,
only two slow slip events have been observed in Chile on the shallow part of the interface.
Both lasted only several days to a few weeks, were associated with some seismic activity
and followed by a significant earthquake: The Iquique sequence of 2014 [Ruiz et al.,[2014;
Boudin et al.| 2022]] and the Valparaiso sequence of 2017 [Ruiz et al.l [2017;|Caballero et al.|
2021]]. A longer SSE was detected preceding the Iquique earthquake, but with a very small
amplitude [deviation of 2mm/yr in 8 months |Socquet et al.,|2017]]. In the same time, only
one truly silent SSE has been observed and documented on the Chilean megathrust. It oc-
curred between 2014 and 2016 in the Atacama region of Chile (~27.5°S), where the Copi-
ap6é Ridge is subducted and offshore persistent seismic swarms have been detected in 1973,
1979 and 2006 [e.g.|Holtkamp et al.|, 2011]). (Fig. A). The 2014-2016 SSE was particularly
deep (between 40 km and 60 km) and long lasting (at least 1.5 year s) [Klein et al.,[2018a].
It also seemed plausible, although supported only by the records of the single continuous
GPS (cGPS) station operating in the region at the time, that at least two other similar events
had occurred in the same area in 2005 and 2009, suggesting a ~5-year recurrence time. Fi-
nally, non volcanic tremors and clusters of similar events have recently been detected nearby
[Pastéen-Araya et al.l2022]. Altogether this depicts an interesting area with characteristics
seemingly similar to what has been observed in other , better-instrumented regions (e.g. Cas-
cadia, South-West Japan and Alaska), where long-term periodic SSEs are observed [Rogers
and Dragert, 2003}, |Obara and Kato| [2016; |Roussetl, 2019]]. The hypothesis of a 5-year re-
currence motivated an effort initiated in 2019 to densify the instrumentation in the region
(Fig.[TFA). Here, we investigate the characteristics of a transient event that did occur there in
2020, to confirm whether we are in the presence of the expected recurrent SSE.

2 GPS observations
2.1 Data processing

After the detection of the 2014-2015 slow slip event, in early 2019 , we installed 5 con-
tinuous GPS (cGPS) stations in the Atacama region in order to densify the CSN network
[Baez et al.l 2018]]. Overall, we now benefit from 12 cGPS stations located in the region of
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Figure 1. A. Seismo-tectonic context of the region. 2014 Slow slip Event distribution (green isolines are
represented every 5 cm) from [2018b]. Survey (blue squares) and continuous GPS (red diamonds)
networks of the region. Slab isodepths from Slab1.0 [2012]). Yellow stars offshore Caldera depict
seismic swarms that occurred in [1973, 1976, 2006, [Holtkamp et al|[2011} and 2015]. Blue stars depict
clusters of similar events and pink stars NVTs activity [[Pastén-Araya et al,[2022]]. The region of the 2020
sequence [including the relocated catalog of the seismic sequence and geodetic slip distributions of the 2
largest events and of the first month of post-seismic, [2021]] is depicted by the violet dashed area.

B. Detrended and filtered time series of ¢GPS stations of the region.

interest (Fig. |I|-A). For this study, we use the time series database SOAM_GNSS_solENS
2022], processed in double difference using the GAMIT/GLOBK software and
aligned with the ITRF2014 using the PYACS toolbox [Herring et al, 2018} |[Nocquet and

Tran).

The time window runs for ~ 20 months, from 2019.0, the date at which the full net-
work becomes operational, to 2020.7 (or 31/08/2020), the date at which the 2020 Atacama
seismic crisis of nearby Totoral blurs the signal [2021]). Over this period of time,
we first estimate and remove an overall trend from all time series, in order to be able to
quantify and remove any instrumental offset. Then we filter the time series using a common
mode filter built with four stations surrounding the region (FMCO, PAZU, PCHO, TRST)
(Wdowinski et all,[1997]]. They are located close enough to measure regionally coherent
signals, such as large scale loading effects, and far enough not to be affected by local phe-
nomena. The resulting common mode depicts no more than + 2.5 mm of variations in the
horizontal and = 10mm in the vertical without any trend over the period of interest (Fig. S1).
Once time series are cleaned from all offsets and common -mode free, we detrend them with
the ~ 1-year trend estimated between early 2019 and the end of February 2020 (see Fig. S3).

For comparison with the previous SSE that occurred in 2014-2015 in the region, we
use survey data from campaigns collected in the region almost every year over the last decade
and until 2019 [from 2010, [Métois et al| 2014} [Klein et all[2018b||. These observations are
processed following the exact same methodology as the cGPS data. Resulting daily h-files at
survey epochs (including adjusted parameters with their associated variance/covariance ma-
trix) are combined with the continuous observations using PYACS [see more details in

2022).
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Figure 2. Comparison of sGPS sites BAR2 and BING time series (surveyed between 2013 and 2016: red,
orange dots) with cGPS stations BAR2 and BING time series (upgraded in 2019: dark blue and light blue
dots). Location of both stations are depicted on Fig.[T] All time series are aligned on the presumed date of
beginning of each event (SSE2014: 2014.77, SSE2020: 2020.15). sGPS time series are detrended from the
2010-2014.5 trend, cGPS time series from the 2019-2020.0 trend. The BING time series are offset on the
Y-axis for clarity. The trend estimated between the beginning of the SSE2020 and its end, used to compute
the cumulative displacements is represented on North component of BAR2 cGPS time series. To highlight
the coherence between sGPS and ¢GPS measurements before both SSEs, we extrapolated white noise with

amplitude corresponding to each cGPS component mean uncertainties.

2.2 Data analysis

Many stations show an important deviation from their original trend on all three com-
ponents, starting around March 2020 (ie. 2020.15, Fig.[I}B). The maximum deviation s
are observed at stations BAR2 and BING. Both stations are located near the coast, at the
latitude of Copiap6 (27.5°S). Other stations are located more to the south or more to the
north and/or more inland. A striking feature is that while all stations move towards the
west (trenchward), they diverge in terms of latitudinal displacement : northern stations move
northward and southern stations southward. All stations also move upward, the maximum
uplift being observed at BAR2, slightly south of Copiapé. Such a displacement pattern is
already a clear indication of a deep source for this transient.

Continuous time series of 2020 compare very well to those from yearly surveys around
2014-2015. BAR2 and BING were survey sites, surveyed every year between 2010 (BING)
or 2012 (BAR2) and 2016, before they were upgraded into continuous stations. BAR2 is ex-
actly the same marker, BING is only several hundreds of meter s away. At both locations,
we split the complete (2010-2020) time series in to two distinct periods: 2010-2017 (sGPS)
on one side, 2017-2020 (cGPS) on the other side. We then aligned both periods on the pre-
sumed date of beginning of each event. Because we did not detect any other indicators, such
as microseismicity or tremor, both these dates were estimated qualitatively. For the 2014
event (hereafter SSE2014), we estimated a beginning date o f 2014.77, based on the COPO
time series, the only cGPS station operational at the time (see Fig. S2). For the 2020 event
(hereafter SSE2020), we estimated a beginning date of 2020.15. Both transients exhibit very
similar patterns: uplift associated with trenchward motion and latitudinal divergence (Fig. 2).
The amplitudes of the displacement reached after 6 months are also similar on all three com-
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Figure 3. Comparison of cumulative displacements generated by SSE2014 over 18 months, and SSE2020

A) in horizontal (SSE2014=red, SSE2020=yellow) ; B) in vertical (SSE2014=dark blue, SSE2020=light
blue). Beware that the scale of SSE2020 vectors is 3 times larger than the scale of SSE2014 vectors.

ponents. More pairs of sGPS sites-cGPS station are compared in the supporting materi al,
showing the exact same pattern (Fig. S5).

The 2014 event reached a total displacement over three times larger than the 2020
event, but after a three-times longer duration (Fig.[3). Apart from this scale factor, the spa-
tial pattern of both horizontal and vertical cumulative displacements compare very well, ex-
cept within a n area north of Caldera. There, the 2020 event does not seem to have affected
sites around the city of Chaifiaral (26.5°S), while the 2014 event did. Station BAR2 recorded
the largest displacements, reaching 11+2 mm in the horizontal and 17+4 mm in the vertical
component. Several other stations recorded smaller displacements around 5+1 mm in the
horizontal and 5+3 mm in the vertical. The overall surface deformation is therefore mod-
est, but still largely above - between 5 and 10 times - the typical noise of continuous observa-
tions (x1 to 3 mm depending on the components).

3 Localisation of the source

The direct analysis of the cumulative surface displacements already reveals the main
characteristics of the SSE2020 source: similar to SSE2014 with comparable amplitude, lo-
calisation and deep origin. In this section we perform a static inversion to quantify the exact
location and amount of slip that was released over these 6 months.

3.1 Modeling strategy: Bayesian inversion

We use a Bayesian approach similar to the one used to study the SSE2014 [Klein et al.|
2018all. We use the same fault geometry based on the finite element mesh designed in |Klein



et al.|[2016] between 28° S and 26° S down to 70 km depth, but with a higher resolution
coming from patches 4 times smaller. The forward problem is defined as d = Gm with d,
the vector containing GPS displacements and m the slip model parameters. We assume a
pure along-dip thrust faulting and Green ’s functions G are calculated for each node of the
fault plane, assuming a layered Earth model from [[Husen et al.|[1999]. We explore the model
-parameter space using a parallel Monte Carlo approach with AlTar [Minson et al.,|2013}
Duputel et al. 2015} Jolivet et al.,|2015]], to derive the posterior Probability Density Function
(PDF) of the model m given available observations dops:

1
p(mldeps) o p(m) exp ( - E(dobs - Gm)TC;l(dobs - Gm)) ()

C, is defined as C4+C,, with C,; describing observational uncertainties and C,, representing
forward model uncertainty. The novelty here compared to our previous work on SSE2014 is
the introduction of the C,, matrix. In particular, we account for the uncertainty resulting
from inaccuracies in the Earth model used to compute our forward predictions. To derive
this C,, matrix, we rely on the formalism of [Duputel et al.,2014|] considering uncertainty on
elastic properties similar to [Caballero et al.2021; | Twardzik et al.l, in press|. For the most
part, this addition does not change the result of the inversion, but yields a refined determi-
nation of the posterior uncertainties. p(m) is the prior PDF, defined as uniform with slip
bounded between -1 cm and 50 cm (small back slip is allowed to ensure correct sampling
near zero).

3.2 Slip distribution

The spatial extent of the SSE2014 was captured by survey GPS , while none of the
cGPS stations captured the whole event. Therefore, at the time, we had excluded the less well
determined vertical displacements from the inversion. Here, since we use cGPS , more re-
liable time series, we use both horizontal and vertical displacements to constrain the source
slip model. The resulting posterior mean slip distribution shows significant slip over an area
of about 25x25 km?, located around 27.5°S, on the subduction interface between 40 and
60 km depth (Fig.[d}A). The maximum slip reaches a peak around 25 cm. Uncertainties as-
sociated with the slip distribution are not negligible (Fig. 4} B). This is mainly due to the high
number of parameters compared to the relatively limited number of observations (Fig. S6).
In addition, the inversion suggests slip stretched along the model deep boundary and apart
from the main patch.

This deep slip in the posterior mean model is due to the large posterior uncertainty in
the same area of the fault (Fig. @} B). Such large posterior uncertainties at depth are caused by
the lack of sensitivity of GPS observations to deep slip. When imposing slip positivity, the
large uncertainty naturally leads to large posterior mean as illustrated with the marginal PDF
for deep slip shown in Figure i}C. Despite very large uncertaint ies in this area of the fault,
notice that the maximum of the PDF remain close to 0 slip (See Fig. [dC and D).

The fit to the data appears to be very good, with horizontal residuals of no more than
2 mm (Fig. i} B). Vertical residuals are slightly larger, especially at station UDAT, the clos-
est from Copiapd city, which is over-estimated by most models. The very small gradient
between this station and those further east is a peculiar aspect of the data which is difficult
to model. In any case, hundreds of models from the space of possible solutions show the
persistence of the main deep patch of slip (cf. supporting information). We estimate a slip
potency of 2.24 + 0.2 - 108 m.m? on this deep slip patch, corresponding to a moment of
1.31+0.1 - 10" N.m (Mw 6.7, see Fig. E}A), considering a shear modulus of 5.87 - 10'° Pa
[Husen et al.,{1999].
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Figure 4. Slip model of the SSE2020. A. Mean posterior slip distribution in cm (represented by the white-

to-red color scale). Observations are represented by the red (horizontal) and dark blue (vertical) arrows,
compared to the model predictions in pink (horizontal) and light blue (vertical). The slip distribution of
SSE2014 is represented by +5 c¢cm green contours [2018a]. Inset shows the probability density
function (PDF) of Mw of the deep patch of slip. B. 1o posterior slip uncertainties represented with the same

color scale as the slip distribution. Residuals (Obs.-Mod.) are represented by the red (horizontal) and blue

(vertical) arrows. C. Mode of the posterior PDF of slip represented with the same color scale. D. Posterior

Probability Density Functions of slip at 3 different patches (a) on the main slip region, (b) at shallow depth
and (c) at deep depth, represented on each the 3 maps.




4 Discussions
4.1 Repetition of the 2014 Slow slip Event ?

The SSE2020 overlaps well the southern part of the SSE2014 (Fig.[#}A). In con-
trast, the northern area of the SS2014 seems unaffected by the 2020 event after the initial 6
months. This characteristic was already clear from the data, with very little displacements
detected North of 26.9°S in 2020 (Fig. [} B). We estimate a slip potency of the southern part
of the SSE2014 (the one that corresponds to the SSE2020) of 8.83 - 10® m.m?, which is
~4 times larger than the slip potency of the SSE2020. This factor matches well the fac-
tor observed on displacements (see section[2.2)). Because only sGPS data were available
in 2014, we were unable to study the temporal evolution of the SSE2014. The single sta-
tion that recorded the beginning of the event (COPO, Fig. S2), located roughly on top of the
source center, does not allow to discriminate whether slip propagated in one direction or the
other. However, it seems plausible that the 2014 SSE began in the South and that the slip
produced by the 2020 event up to now replicates the first 6 months of 2014.

4.2 Interplay with the seismic/aseismic 2020 Atacama sequence

In the present study, we focused on the first 6 months of the returning slow slip event
because of the occurrence of the seismic/aseismic sequence in September 2020 [Klein et al.l
2021]]. This sequence started with a Mw6.9 on the megathrust zone on September, 1st, and
was followed by a Mw6.4 aftershock 17 hours later (see Fig.1A). The study of micro seis-
micity migration and rapid afterslip between both events suggested that the aftershock was
triggered by the upward propagation of aseismic slip. The whole sequence occurred offshore,
south of the SSE2020 area (Fig. E]) but there was a clear interference between the two events.
Several questions arise now regarding the interplay between the onset of this 2020 deep SSE
(in March) and the sequence of September 1st, as well as regarding what happens next. Did
the deep SSE play any role in the occurrence of the sequence ? Such complex interplay was
observed in Mexico, where a SSE triggered the 7.3 Papanoa earthquake [Radiguet et al.|
2016]. Static inversion of the cumulative deformation may fail to uncover propagation to
shallower depth. In turn, did the sequence perturb the deep SSE ? Did the sequence end
the slow slip ? Did the slow slip continue regardless ? The deep patch of postseismic slip
detected by kinematic inversions of the first month following the September sequence may
support this last hypothesis [[Klein et al.,|2021]]. The similarity between the SSE2014 and the
SSE2020 slip distributions also prompts us to make the assumption that the SSE2020 con-
tinued to propagate northward. Longer time series should reveal if the SSE2020 aborted
after September or continued. They will also allow to analyze the spatio-temporal slip evolu-
tion through kinematic inversions.

4.3 Seismic hazard in the Atacama region

The SSE2020 occurred in the transition zone, downdip the highly coupled Atacama
segment. The north extension of the SSE2014 also reached the transition zone downdip the
Chanaral segment [Métois et al.,[2012} |Métois et al.|[2016} |Klein et al., 2018b|]. If the signal
observed at COPO in 2009 is indeed the previous SSE [Klein et al.| 2018a], these coupling
maps, derived from velocities estimated between 2010 and 2014, correspond to the inter-
SSE period. Incidentally, it is remarkable that these recurrent SSEs occur within or near the
downdip edge of the rupture zone of historical major earthquakes of the region: the 1819
Mw 8.5 and the 1922 Mw 8.6 [|Willis, |1929; |Kanamori et al.,|2019]. Even if precise slip dis-
tributions cannot be known, such events are large enough to rupture the entire seismogenic
part of the interface. Located at the downdip end of plate contact, between 40 and 60 km
deep, recurrent SSEs may regularly tickle the bottom of the locked zone that last ruptured
exactly 100 years ago, and another 100 years ago before that. Even if|Beeler et al.|[2014]
showed that large earthquake occurrence is not significantly enhanced by episodic deep slip
events, the triggering of major subduction earthquake s due to stress load by deep SSE is



possible [|Obara and Kato, |2016; |Radiguet et al.,[2012]. Could one of these Copiapd SSEs
have any play in the next major Atacama earthquake ?

4.4 The Role of the Copiap6 Ridge

So far, the Atacama area (~27.5°S) is the only region of Chile where SSEs and non-
volcanic tremors have been found. This is possibly due to the fact that the seismological
and geodetic networks in Chile may not be dense enough to easily detect those events else-
where [Barrientos and CSN Team, |2018}; Baez et al.l | 2018|]. Nevertheless, the Atacama area
is also a rheologically peculiar place because of the subduction at that latitude of the Copi-
ap6 Ridge. The presence of this subducted ridge seems to line up with these slow slip sig-
natures and favor their occurrence. [[Segovia et al.2018]. Its impact and the rheological
changes it yields, such as an increase in the amount of fluids, changes in temperature, etc.,
should be studied and compared with other areas around the world, where SSEs are also ob-
served periodically.

4.5 SSEs elsewhere in Chile

Although none were detected so far, SSEs are probably occurring in other regions of
Chile. Seismic evidence, such as repeating earthquakes, seismic swarms and NVTs, were in-
deed detected in several regions along the Chilean subduction [Holtkamp et al., 2011} |lde,
2012;|Poli et al.|, 2017 \Saez et al., 2019; |Valenzuela-Malebran et al.l 2021]]. Some of these
events were suggested to be driven by the subduction of local features, for ex. seamount in
Vichuquén, the Juan Fernandez Ridge and fracture zones in the oceanic Nazca plate. In-
cidentally, seismic swarms generally occur in areas of intermediate coupling, at the transi-
tion between low- and high-coupled segments [Meétois et al., 2016[]. One of the main lim-
itations to detect more SSEs is probably the density of the geodetic network, compared to
those in Cascadia, Japan and New Zealand. The tectonic context in Atacama, in the inter-
seismic phase about a century after the latest major earthquake, was favorable to detect the
SSE2014 by survey GPS. In contrast, regions like Navidad (34.8°S) or Los Vilos (32°S),
where swarms regularly occur, are strongly affected by the postseismic deformations follow-
ing the 2010 Maule and 2015 Illapel earthquakes [Klein et al., 2016} |Boulze et al.,2022].

In such a context, the survey GPS can not compensate for the low density of continuous sta-
tions.

4.6 Comparing with SSEs worldwide

This study confirms that the Chilean subduction zone is not so different from other
subduction zones in terms of SSE occurrence. Although we only looked at the first 6 months,
we hypothesize that the complete duration of the SSE2020 is similar to that of the SSE2014,
therefore that both events have similar magnitudes. Considering the main features extracted
from the SSE2014, the Copiap6 SSEs align with the log Mo ~ log T trend suggested for slow
slip events [lde et al.l2007]]. They are significantly longer than the Mexican events but sim-
ilar in magnitude. SW Japan SSEs are comparable in duration but with significantly smaller
magnitude [|Gao et al.| 2012; |Rousset,[2019]]. The Copiap6 SSEs appear very similar, in all
characteristics, to the Manawatu and Kapiti SSEs in New Zealand [Obaral 2011; |Wallacel,
2020].

5 Conclusion

For a long time, very few SSEs were observed along the Chilean subduction zone, rais-
ing the debate on whether they did not take place there or if the observation networks were
unable to detect them. Rather unusually, the first SSE2014 in the Atacama region was de-
tected and quantified thanks to yearly repeated surveys in the area since 2010. Based on
recent denser ¢GPS measurements, we now prove that this deep event has a periodicity of



5 years. We can therefore conclude that the Chilean subduction zone is in fact not so differ-
ent from others where this type of event occurs, such as New Zealand [Wallace and Beavan),
2010]], and in some ways Mexico and SW Japan [Hirose and Obaral, 2005} |Gao et al.,[2012;
Rousset,,|2019]]. However, we still have to confirm whether this SSE is characteristic, there-
fore identical, every 5 years or not.
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