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ARTICLE INFO ABSTRACT

Keywords: Earthquake swarms commonly occur along the Chilean subduction zone, witnessing fast seismic and slow
Seismic swarm aseismic slip behavior at the plate interface. However, the largest seismic swarms observed in Chile, particularly
Short term slow slip event in the Copiapd-Atacama region, remain poorly documented, and the underlying processes have yet to be
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Subduction zone processes
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understood. Here, we perform seismological and geodetic analyses to investigate the 2006 Copiapé swarm,
which developed in April and May 2006. The swarm began on April 19, with a magnitude Ml 5.3 earthquake.
During the nine following days, we observe a migration of seismicity along the plate interface, the occurrence of
doublets events, and a potential slow slip event in the GPS time series at site Copiapé. Then, on April 30, a first
earthquake with Mw 6.6 occurred at 15 km depth at the plate contact. It likely triggered a second earthquake
of magnitude Mw 6.5, which occurred 144 min later, 10 km northwest of the first earthquake. Using InSAR,
we determined the slip distribution associated with these two earthquakes and detailed the postseismic slip
they triggered in the next days and weeks. This “postseismic” phase appears to be predominantly aseismic,
while the moment released during the “coseismic” phase is comparable to other seismic crises that occurred in
Atacama. Although we did not find a larger seismic and aseismic ratio than in other swarms in South America,
we suggest a similar mechanism of slow deformation as a driver of seismicity during seismic swarms. Finally,
we propose that the slow and fast behavior of the 2006 Copiap6 swarm is a consequence of the subduction
of the Copiapé Ridge seamounts, which affects both the plate interface and the overriding plate by inducing
complex interactions between seismic and aseismic processes.

1. Introduction features such as fracture zones have been related to the presence
of hydrated sediments and fluids (e.g. Peacock, 1990; Manea et al.,
The North-Central Chile subduction zone is characterized by signif- 2014; Nishikawa and Ide, 2015). Seamounts and oceanic ridges impact
icant background seismicity, the occurrence of large earthquakes, and
episodic seismic swarms that reflect the wide variability of slip behavior
in this tectonic setting. Previous studies propose that the bathymetric
heterogeneities along the subducting plate, such as fracture zones or
oceanic ridges, could explain the diversity of the slip modes and also presence of these subducted oceanic features with high pore pressure
the along strike segmentation in subduction zones (e.g., Poli et al., content inside a fluid-rich system that may drive the observed diversity
2017; Maksymowicz, 2015; Pastén-Araya et al., 2022). Indeed, oceanic

the dynamics of subduction zones (Morell, 2016) defining potential
barriers to large seismic ruptures (e.g. Contreras-Reyes and Carrizo,
2011; Das and Watts, 2009). These interpretations led to correlate the
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of slip modes and, more especially, those related to seismic swarm
activity (Nishikawa and Ide, 2017).

The Copiap6-Atacama area hosted large earthquakes (Fig. 1). Ar-
chaeological and paleoseismological inferences from Salazar et al.
(2022) allowed them to identify a mega-earthquake that occurred
~3800 yrs ago, which may explain the awareness and lifestyle changes
of the inhabitants along the coastal area of northern Chile. Besides,
the 1420 Oei orphan tsunami could possibly be attributed to a great
earthquake magnitude M8.8-9.4 (Abad et al., 2020) along the Atacama
segment. Other large earthquakes occurred in 1819 (Ms 8.3) and 1922
(Mw 8.5-8.6) (Beck et al., 1998; Kanamori et al., 2019; Carvajal et al.,
2017), while several earthquakes magnitude M~7 or similar have been
reported in 1796, 1859, 1909, 1918, 1946, and 1983 (Comte et al.,
2002; Ruiz and Madariaga, 2018). Recent studies have shown that the
Atacama segment experiences both seismic and aseismic slips. Klein
et al. (2018a) detected a slow slip event (SSE) between 2014 and
2016 below the city of Copiap6, representing the first deep long-term
SSE documented in Chile. The deep SSE is located in a low coupled
zone (Klein et al., 2018b; Métois et al., 2014), and exhibits a potential
recurrent pattern of about 4-5 years since the same transient signal was
recorded by a continuous GPS station in 2005, 2009, 2014 and more
recently in 2020 (Klein et al., 2023). Interestingly, seismic and aseismic
signatures have also been observed through the seismicity distribution,
non-volcanic tremors, and repeaters events. Those signals are placed in
areas of Vp, Vs, and Vp/Vs ratio anomalies, pointing out the subduction
of the Copiapé Ridge as an important bathymetric feature controlling
the along-strike and along-dip changes of slip behaviors (Pastén-Araya
et al., 2022). The Copiapé Ridge, built by hotspot tracks in the Nazca
plate, is characterized by a rough and discontinuous topography that
formed its seamounts. This oceanic feature had different migration
episodes in the last 60 Ma that coincides with the southward migra-
tion of the flat slab, suggesting a key role of oceanic ridges such as
Copiapé, Juan Ferndndez, or Tal Tal in the deformation process along
North-Central Chile (Bello-Gonzélez et al., 2018).

Over the last 50 years, repeated occurrences of seismic sequences
and seismic swarms have been observed in the Atacama region (see
Fig. S1). For instance, the sequences occurring at latitudes 27.5°S
— 28°S in 2002, 2011, and more recently during 2020 in Vallenar-
Atacama (Klein et al., 2021) or the swarm episodes of 1973, 1979,
2006 (Comte et al., 2002; Holtkamp et al., 2011), and 2015 offshore
the cities of Caldera and Copiapé at latitudes 26.7°S - 27.5°S (Fig. 1,
see Fig. S1). Precisely in Copiapd, one of the most productive seismic
swarms that have been observed in Chile and South America occurred
between April and May 2006. The Copiapé area is characterized by
low Vp and high Vp/Vs (Comte et al., 2006), indicating the presence
of fluid-richness, spatially correlated with the location of a subducting
seamount. Furthermore, Holtkamp et al. (2011) used the NEIC seismic
catalog and InSAR imagery to analyze the 2006 seismic swarm, estimat-
ing a seismicity migration of about ~7 km/day during the sequence,
but also suggesting that the observed ground deformation could not
require an important contribution of aseismic slip. However, it remains
unclear how the Copiap6 swarm evolved spatiotemporally and whether
the scarce seismological local data and geodetic observations can reveal
any component of aseismic slip.

In this study, we revisit the fast and slow processes during the
2006 swarm (Fig. 2) that occurred offshore the cities of Copiapé
and Caldera in the Atacama region, North-Central Chile. The seismic
swarm initiated on April 19, with an earthquake magnitude MI 5.3
accompanied by doublet earthquakes and a slight westward transient
in the single GPS station available in the area. After a few days of lower
intensity in the seismic activity, the two largest earthquakes magnitude
Mw~6.5-6.6 occurred on April 30, separated by 2.4 h. We used the
available geodetic and seismological data to understand the slip behav-
ior that drove this swarm. Our analysis shows that the Copiapé swarm
produced complex interactions along the plate interface, which may
be accompanied by a possible short-term SSE. The swarm is spatially
correlated with a subducted oceanic seamount, possibly responsible for
the seismicity pattern through time.
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2. Data and methods
2.1. Regional seismic data and processing

To perform our seismological analysis, we used regional short-
period, three-component seismic stations deployed by the National
Seismological Service of the Universidad de Chile (SSN: Servicio Sis-
moldgico Nacional), now the National Seismological Center (CSN: Cen-
tro Sismolégico Nacional, Barrientos, 2018). Using this network, the
SSN performed hypocentral location and magnitude estimation of the
seismic swarm, including some earthquakes Ml~2-3 well recorded by
near-field seismic stations (Fig. 2a and Fig. S2). The raw waveforms
used for picking and locating the earthquakes were archived by the
SSN, including trimmed waveforms for 32 seismic stations and P-
wave or S-wave pick arrivals. In this study, we consider the CSN
catalog due to the spatial station distribution and large gap window
to characterize the offshore swarm activity. This drawback does not
allow us to improve the hypocentral locations using algorithms such as
the double-difference method. Unfortunately, there are no continuous
records from these seismic stations to search for microseismicity, except
two broadband GSN (Global Seismological Network) stations: LCO (Las
Campanas) and LVC (Limén Verde), located 200 and 550 km-distance
from the seismic swarm source, respectively (see Fig. S2). Although
both stations have good quality data, the long source-station distance
and the significant data gaps during the study period made it difficult
to observe any small signal associated with the seismic swarm.

We aimed to assess for possible slip accelerations during the seismic
swarm by analyzing the possible occurrence of repetitive seismicity
surrounding asperity areas. For this, we further attempted to study
the presence of repeater and/or near-repeating earthquakes in our
catalog by performing cross-correlations between pairs of events. We
considered 180 pairs of events recorded by the three components of
the nearest stations CDCH, CRCH, and CPCH (Fig. 2a). Afterward,
we followed a standard pre-processing scheme involving detrending,
tapering, bandpass filtering between 2 and 8 Hz, and resampling of
the seismic signals. The chosen frequency band includes the corner
frequency of the entire seismicity of our dataset, which allowed us to
characterize the repeater and/or near-repeating earthquakes (Uchida,
2019; Uchida and Biirgmann, 2019) (see Fig. S4). We considered a
time-window from 1 s before the P arrival to 9 s after the S arrival of
the normalized processed waveforms and correlate the pairs of events.
Finally, we took the maximum cross-correlation for the station and the
arithmetic average among them.

2.2. W-phase moment tensor inversion

We computed the moment tensor and the centroid location of
the two most significant earthquakes of the seismic sequence, which
occurred on April 30 at 19:17 and April 30 at 21:41 (hereafter first and
second event). Thereby, we performed a source inversion using the W-
phase inversion algorithm (Duputel and Rivera, 2019). The algorithm
focuses on finding the solution with the minimum root mean square
(RMS) of the waveform misfits. We used teleseismic waveforms from
stations with an epicentral distance from 0° to 90° of the worldwide
network Incorporated Research Institutions for Seismology (IRIS, avail-
able at http://ds.iris.edu/wilber3, Fig. 2b). The time window used is
the standard for W-phase inversion, which begins with the P-wave
arrival, and has a duration of 6t = 15 X 4, where 4 corresponds to
the epicentral distance. We filtered the data with a causal bandpass
Butterworth filter of order 4. The frequency band used corresponds to
100-250 s and 100-200 s for the first and second events, respectively.
We chose these frequency bands following the work of Duputel and
Rivera (2019) and considering the signal-to-noise ratio of each event.

To obtain the focal mechanism, we first performed an initial in-
version using the solution given by the Global Centroid Moment Ten-
sor (GCMT, Ekstrom et al., 2012; Dziewonski et al., 1981) catalog as
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Fig. 1. Overview of the study area; see the inset map showing the location with reference to South America. The segmented blue lines in the left panel indicate the rupture
length of pre-historic, historical, and recent earthquakes (Comte et al., 2002; Ruiz and Madariaga, 2018; Abad et al., 2020; Salazar et al., 2022). The right panel indicates the
seismotectonic context in the Copiapé region. The red, white, yellow, and blue symbols indicate the seismicity location of the 1973, 1979, 2006, and 2015 seismic swarms,
respectively. The gray dots indicate the seismicity that occurred between 1900 and 2022, database compiled by USGS and CSN. The blue lines are the 50 mm iso-contour slip of
the 2014 deep SSE (Klein et al., 2018a). The white lines on the bathymetry indicate the 500 m iso-contours depth of the heterogeneous seamounts associated with the Copiapd
Ridge. The white triangles indicate the trench, and the segmented black lines represent the Slab2 model of the South America subduction zone (Hayes et al., 2018).
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Fig. 2. Available datasets during the 2006 Copiap6 swarm. (a) The black inverse triangles are the regional short-period, three-component seismic stations; the purple square is
the GPS station installed in Copiapd. The arrow and ellipse indicate the horizontal displacement due to the Mw~6.5-6.6 earthquakes on April 30 and the respective horizontal
error (Klein et al., 2022). The circles represent the seismicity between 2006-04-19 and 2006-05-15, colored by the date of occurrence during the seismic swarm and sized by the
magnitude of each event; gray dots are seismicity not related to the swarm. (b) Distribution of teleseismic stations used in the W-phase inversion for the two largest events of the
seismic swarm: bright cyan inverted triangles for the 2006-04-30 19:17 event and purple circle for the 2006-04-30 21:40 event.
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preliminary information. We performed automatic and manual wave-
form selection to exclude noisy or incomplete data. After data screen-
ing, solutions were obtained using 30 and 14 channels for the first and
second event, respectively. We then performed a second solution and
iterated in space and time to determine the centroid position and W-
phase moment magnitude (Mww). Once we have the best hypocentral
location, we run the algorithm to compute the focal mechanism at
different depths to analyze the solutions.

2.3. GPS data

At the time of the 2006 seismic swarm, station COPO, located at
a ~100 km distance eastward from the seismic swarm source, was the
only single available continuous GPS site operating in the Copiap6 area
(Fig. 2a). This site was installed on 2002-07-01 and shut down on 2015-
08-05 (Fig. S5). Although the COPO station has large gaps in its records
between 2007-10-01 and 2008-07-03, we detected a few days of data
gaps during the 2006 seismic swarm: 2 days before and after the two
largest earthquakes of the sequence.

We used the GPS time series from the database
SOAM_GNSS_solENS (Klein et al., 2022), which provides time se-
ries of precise daily station positions obtained from double-difference
processing expressed with respect to ITRF14. This dataset has been
used recently to develop precise time-dependent afterslip evolution
after large earthquakes (Tissandier et al., 2023), as well as to identify
transient signals along the northern Chile subduction zone (Klein et al.,
2023). Here, we used a time-window from February to July 2006
for the horizontal components of the COPO station; afterward, we
detrended the COPO time series using the velocity estimated from 2
months before April 19, the date we identified as the beginning of the
seismic swarm.

2.4. InSAR data and modeling

Synthetic Aperture Radar (SAR) data were acquired by the European
Space Agency’s ENVISAT satellite track 96. Due to the sparse temporal
coverage of the area, and the small magnitude of the deformation, a
specific strategy has to be used to separate tectonic signals from non-
tectonic perturbations (tropospheric delays, ionospheric delays, and
orbital ramps). We computed interferograms with a small baseline strat-
egy, requiring a closure of the interferometric network while adapting
the different steps to the irregular latitudinal coverage of the dataset
(Fig. S6a). We first coregistered all images with respect to a single
primary image, using intermediate primary images to connect the most
distant acquisitions (in space and time, Fig. S6b). This constraint led
us to include a total of 55 interferograms with perpendicular baselines
reaching up to 585 m and temporal baselines up to 5 years. To maintain
an acceptable level of coherence and facilitate phase unwrapping, we
corrected the interferograms from DEM errors (Ducret et al., 2013) and
subtracted stratified atmospheric delays derived from ERA-Interim (Jo-
livet et al.,, 2011). After applying a moving-average filter, we ran
an iterative unwrapping procedure guided by coherence, as described
in Grandin et al. (2012).

Finally, after unwrapping, we estimated parameters of phase ramps
in azimuth and in range, and inverted for those parameters in a
network fashion to ensure a consistent correction of all interferograms.
Prior to parameter estimation, interferograms were clipped to discard
phase values evidently affected by a local atmospheric artifact, and
measurements in the area of the Copiap6 swarm were masked to avoid
contaminating the phase ramp estimation with a potential tectonic sig-
nal. For the azimuth ramp, we used a cubic fit as a function of azimuth
coordinate for “long” interferograms (i.e. exceeding ~400 km along-
track), whereas a quadratic fit was used for “short” interferograms.
Because the images are narrower in the range dimension, the orbital
ramps in the range were modeled as linear.
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After interferogram correction, the majority of atmospheric and or-
bital artifacts were expected to be mitigated. However, the topography
of the area is characterized by an east-west elevation gradient that
translates, in the presence of a strong stratified component of atmo-
spheric delays, into a steep phase ramp in range. Hence, uncertainty on
the atmospheric corrections mapped into a bias in the empirical ramp
corrections. In order to further improve the orbital and atmospheric
corrections, we performed a time-series inversion of the interferogram
network, incorporating (1) a smoothness constraint in time, (2) a linear
phase-elevation term with a coefficient varying linearly with azimuth
(to account for the latitudinal change in atmospheric phase screen),
and (3) a linear ramp in range with a coefficient varying linearly with
azimuth (which yields a skewed phase ramp).

3. Results
3.1. Migration of seismicity

The quality of the manual picks was good enough to identify the
main characteristics of the seismic swarm. Using the trimmed raw
waveforms for 32 seismic stations (see Fig. S2), we were able to identify
2470 pick arrivals, either P or S phases performed by the SSN, between
February 28 and June 1 in the study area (Fig. 2), with a total of
312 events. We then used the hypocentral location of the seismicity,
discriminating those earthquakes associated with the seismic swarm
both in space and time. Fig. 3 shows the spatiotemporal evolution
of the seismicity between April and May 2006 associated with the
Copiap6 swarm; in this figure, the main reference is the event that
occurred on April 19, Ml 5.3, which we identified as the first event
of the whole seismic swarm. After this event, all subsequent seismicity
during the next nine days occurred within a localized zone along
latitude and longitude (Fig. 3b, and 3c, respectively). The view of a
clustered seismicity is also supported by the observed similarity in S-P
time during the same period at the coastal stations CDCH and CRCH;
nonetheless, at inland station CPCH, these results are not clear due to
the long distance from the seismic swarm source (Fig. S3). Although the
final catalog includes 235 events with magnitudes between M1.7-6.6,
the magnitude of completeness is about M3.7.

We calculated the radial distance from the epicentral position of the
event that occurred on April 19 (Fig. 3d). During this day, we observed
a clustered seismicity propagated at fast velocities in both directions,
eastward and westward the first shock. However, following the next
ten days after this cluster (Fig. 3d), we identified mainly two patterns:
(1) an eastward migration (greenish circles) at velocities between 2 to
10 km/day and (2) a westward migration (pinkish circles) at velocities
about 2 to 5 km/day. Interestingly, during the same period between
April 19 to April 28, we observed a slightly westward motion of about
2 mm in the time series of the GPS station COPO (Fig. 4). There were
no changes in the north-south component.

We further investigated possible additional signatures of slow de-
formation to support the slightly westward trend of the COPO station.
First, we studied the possible presence of repeating earthquakes, similar
events, or doublets in our database. We found doublet events in the
frequency band between 2-8 Hz using the three closest stations to
the seismic swarm source. We obtained only four pairs of events with
correlation coefficients greater than or equal to 0.85 (Fig. 5 and Fig.
S7). The highly correlated doublet (cc = 0.97) occurred on April 19,
when we identified the beginning of the seismic swarm, with two
events magnitudes Ml 2.9 and Ml 3.3 (Fig. 5b). After considering all
possible pairs of events recorded by the three-component three stations
CDCH, CPCH, and CRCH (in total, there are 180 earthquakes during
the period analyzed), we built a similarity matrix that contains the
correlation coefficient for all the event numbers (Fig. 5a). Here, we
noticed that during the first days of the seismic swarm, between April
19 and April 20, the correlation coefficient was the highest of all the
periods, including values larger than 0.5, suggesting highly clustered
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activity. Overall, we retrieved doublets events and seismicity increase
that could indicate the presence of slow slip in the area. Although we
expected the presence of repeater earthquakes through time, the high
magnitude threshold and the lack of continuous records reduce our
detection capability of such signals.

On April 28 (day 9), a new series of earthquakes started, migrating
southwest (pinkish circles on Fig. 3d) while the clustered seismicity
started spreading in latitude and longitude. Then, the spreading of the
seismicity was mainly affected by the two largest earthquakes of the
whole sequence that occurred on April 30 at 19:17 UTC and 21:40 UTC.
The earthquakes produced an offset of about 15 mm at the east-west
component and 3 mm at the north-south component of the COPO GPS
station. We analyzed these earthquakes in Section 3.2. On May 2 (day
13, Fig. 3d), seismicity continues growing to the southwest, forming
a secondary cluster near 71.6°W, 27.4°S (Fig. 3a). However, during
this period, we cannot observe any noteworthy trend in the COPO time

series other than the postseismic afterslip promoted by the two largest
events mentioned above, mainly observed in the east-west component

(Fig. 4).
3.2. The two largest earthquakes within the swarm

We studied the two largest events of the sequence. Both events
magnitude Mw~6.5-6.6 occurred on April 30, only 2.4 h apart. Other
seismological agencies, such as GCMT or NEIC, show substantial differ-
ences in the magnitude, depth, and location of these earthquakes. The
regional records at stations CDCH, CPCH, and CRCH (see Fig. S8) show
only minor amplitude, shape, and time signal differences. However, the
regional data were insufficient to perform this analysis; we employed a
W-phase inversion using teleseismic records to characterize the seismic
source of these events.



J. Ojeda et al.

Journal of South American Earth Sciences 123 (2023) 104198

300

s
-
-
-
— —
——
ik

N
)]
o

N
o
o

N
o
o

o
o
Cumulative number of earthquakes

— .
—
-

=)

—

a
o

-25 .
10 5
£° w08
AT O
£ Ml okt i m H H}H | |
= TTHTJTTJTJFT iR i :
-5l - _ _ i Hﬂl—ﬂﬂh . WOu.l

SR A SO 2L A S 2

S F &§F T I I FF & &8

Date (mm-dd)

Fig. 4. GPS displacement at station COPO for the east-west and north-south components (blue squares of top and bottom panels, respectively), error bars are indicated for each
daily solution. The red curve (top panel) and green curve (bottom panel) correspond to the cumulative number of earthquakes and earthquakes per day, respectively. The orange

area shows the period 2006-04-19 and 2006-04-30, before the largest earthquakes of the seismic sequence.

0.0 0.2 0.4 0.6 0.8 1.0
Correlation Coefficient
CRCH CPCH CDCH
@ @ cc=0.99 cc=0.92 cc=0.98
— i 4] IAMWM V il \l I‘M‘ern»xl (\h Mol
° ‘ _“ M’VM A vamm ])p it ‘WWW( * J IW«» AWNMW JWMW\WW
—
]
[ L ‘\ ) ‘ ‘
é . . il | b )“ ‘(’\»‘Jﬂ’\‘nl‘h A 1\‘ r “"“L"“\V]\"‘"\\“/"”f"
S o MM ‘Mw'm ‘\[
s s ““““‘MW V ik L *”" | ” Hffr
¢ o
i
8 m\‘\ I ‘J ’ ™ l
E (A [T ————— ww[ lw U\\ ‘H il ‘ Ifl - i “J 1”1 Ml " M“l‘

40

wWJ'[M‘WWWMWMM

20

20 40 60 80 100

Event number

120

140 160

gt

"
M L s

12(s)

[ 20060419191253
N 20060419210256

Fig. 5. Analysis of doublets within the seismic swarm. (a) Similarity matrix for 180 pairs of events recorded by the three closest stations CDCH, CPCH, and CRCH. The Event
number is sorted by the origin time of events. Event 0 and Event 180 correspond to the 2006-02-28 and 2006-06-01 events, respectively. The vertical and horizontal white lines
indicate the event 2006-04-22 16:03:29. (b) Example of doublet for the Copiapé swarm, with a correlation coefficient larger than 0.97 considering three-components waveform

cross-correlation (pair 2006-04-19 19:12:53, 2006-04-19 21:02:56).

The inversion solution localizes the centroid of the first event at
27.17°S, 71.3°W and the second event at 27.08°S, 71.33°W (Fig. S9a,

c). The iteration in time shows that the time shift corresponds to
6.0 s and 7.0 s for the first and second events, respectively (Fig. S9b,



J. Ojeda et al.

Journal of South American Earth Sciences 123 (2023) 104198

0 0
-=-=- PDE
10 A 10
20 1 20 -
£ £ 20060430 - 19:17
< S WCMT - Mw=6.56
g 399 § 301 M0=8.67e18 Nm
o o
o o
5 a0 5 a0 d
50 1 50 -
1 oo 601 20060430 - 21:40
T T T T T T T T WCMT = MW=6.5
100.0 102.5 105.0 107.5 110.0 100.0 102.5 105.0 107.5 110.0 M0=6.97e18 Nm
Normalized RMS misfit Normalized RMS misfit
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(b) the second event. The black and blue lines represent the preliminary determination of epicenter (PDE) from GCMT and optimal solutions obtained from the WCMT inversions.

Preferred solutions for (c) the first earthquake and (d) the second earthquake.

d). The waveform fit of each solution is shown in the supplementary
material in Fig. S10 (for the first event) and Fig. S11 (for the second
event). Furthermore, Fig. 6 summarizes the W-phase inversion of the
first and second events. The figure shows the focal mechanism of the
earthquakes at different depths as a function of the normalized root
mean square misfit ’;Z‘:n 5 %100 ) and the best solution in each case.
Around the best-fit solutions, the obtained moment tensor is similar.
Moreover, the first event depth between 11-17 km presents the lowest
misfit values (Fig. 6a), while for the second event, the lower misfit
appears in the range between 23-35 km depth (Fig. 6b). The differences
in the depth range might be due to the low signal-to-noise ratio, in
addition to the poor quality seismograms recorded for the second event,
which are mixed with the surface waves of the first event. Fig. 6¢, d
also shows that the rupture mechanism of both events corresponds to a
reverse fault with a magnitude Mww 6.56 and Mww 6.5, respectively.

3.3. Coseismic and postseismic deformation from InSAR and GNSS data

The result of the time-series inversion, after removing the atmo-
spheric and orbital components, is displayed in Fig. S12, plotted us-
ing reference images before (Fig. S12a) and after (Fig. S12b) the
2006 Copiap6 swarm. The difference in deformation that occurred
between the two consecutive acquisitions, bracketing the time of the
Copiap6 swarm, is evident (2005-09-26 and 2006-07-03). However,
the long temporal window between these images hinders a detailed
quantification of this deformation event.

We also observed that deformation continued during the two time
periods that followed the main time-step of it (between 2006-07-03 and
2006-08-07, and between 2006-08-07 and 2007-03-05). This observa-
tion is consistent with the abnormal motion detected at GPS station
COPO in the ~6 months following the swarm (Figs. 2 and 4). In order
to further separate this instantaneous deformation from an additional
transient signal, we applied a parametric pixel-wise inversion of the

cumulative deformation time series (after discarding non-tectonic sig-
nals). We assumed that the time-series consists in the superposition of
(1) a Heaviside function at the time of the earthquake (the “coseismic”
component), (2) a linear transient taking place in a time-interval of
finite duration after the earthquake (the “postseismic” component)
and (3) a constant (the “reference image” phase screen). We did not
incorporate an interseismic trend in the inversion to avoid a trade-
off with the postseismic component, whereas accounting for a more
realistic temporal evolution of the postseismic transient (logarithmic,
exponential) leads to similar results for the total displacement of the
transient.

The result of this signal separation procedure is shown in Fig. S13.
The coseismic component is characterized by increasing displacement
(away from the satellite) towards the area affected by the Copiapd
swarm, reaching a maximum of approximately 5 cm in the LOS at
the coast. The postseismic component has a similar spatial distribution,
albeit peaking inland, with a smaller displacement (maximum 3 cm).
This result is consistent with the analysis of Holtkamp et al. (2011),
although our exhaustive exploitation of the whole ENVISAT dataset
allows for a better separation of signals. Based on their spatial pattern,
both the co- and postseismic patterns are consistent with slip on the
subduction interface taking place offshore or under the coast at the
latitude of the Copiapé swarm.

In order to quantify the spatial distribution of slip associated with
the co- and post-seismic components, we invert for slip on the sub-
duction interface, incorporating both the InSAR-derived displacements
and the displacement estimated from GPS station COPO. For the latter
estimation, we extract the horizontal vectors in the two time intervals
defined from the InSAR temporal coverage by fitting the same temporal
functions (interseismic trend, coseismic step, postseismic transient)
on the COPO time series. We obtain a “coseismic” displacement of
—1.6 cm EW and 0.4 cm NS, and a “postseismic” displacement of
—0.7 cm EW and -0.2 cm NS (with 1-sigma uncertainties of 0.2 cm).
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The inversion uses the equations of Okada (1985), following the same
approach presented by Ruiz et al. (2013). However, the small signal-
to-noise ratio of the InSAR and GNSS datasets requires to incorporate
constraints in the inversion to mitigate instabilities. We choose to apply
a total seismic moment constraint, whereby the integrated slip on the
interface has to match a prescribed geodetic moment (which can be
converted to a seismic moment by multiplying by an appropriate value
of the shear modulus). For the “coseismic” inversion, we force the slip
distribution to match a seismic moment of 2.3 - 10! Nm (assuming
a shear modulus of 30 GPa), which corresponds to the cumulative
seismic moment released during the “coseismic” phase (representing an
equivalent magnitude Mw 6.8). For the “postseismic” inversion (after
2006-07-03), the cumulative seismic moment released by local earth-
quakes (equivalent to Mw 5.4) is insufficient to match the quantity of
deformation measured at the surface, unless slip is occurring at a depth
substantially shallower than the plate interface. As a consequence, to
comply with the assumption that slip is taking place on the interface,
we enhance the seismic moment constraint so as to match an equivalent
magnitude Mw 6.5.

The resulting slip distributions, as well as synthetic displacement
maps, are shown in Fig. 7. Slip during the “coseismic” phase reaches
40 cm and is constrained between the coast and halfway to the trench.
On the other hand, “postseismic” slip occurs on a narrow band aligned
along the coast. However, the precise slip distribution remains poorly
resolved, especially in its up-dip segment of the subduction interface.

4. Discussion
4.1. Seismic swarm migration and the two largest earthquakes

We analyzed the spatial and temporal evolution of the Copiapd
swarm from the day of the first earthquake, the Ml 5.3 occurred on
April 19, until April 30. In the early stage, the sequence exhibits
localized and persistent seismicity in the central area of the whole
seismic swarm (Fig. 3a). The epicentral location of these earthquakes
is well resolved due to the small latitude and longitude errors (see
Fig. S14). The intense clustered seismicity can be interpreted as a
burst of seismicity during the first day with a fast migration, likely
following an earthquake cascade interaction among small events. After
that phase, during the next ten days, the seismicity follows mainly
two trends; one toward the east of the location of the first event
(greenish circles on Fig. 3d), characterized by high seismicity that
migrates at velocities between 2-10 km/day; a second trend toward
the trench (pinkish circles on Fig. 3d) that seems to migrate at lower
velocities around 2-5 km/day. On the other hand, we further studied
the possibility of seismicity migration rates induced by a fluid diffusion
migration (Shapiro et al., 1997). Fig. 3d shows the fluid diffusion
curves considering hydraulic diffusivity of 100, 200, and 300 m?/s to
explain the data. Similar curves have been obtained by Shapiro et al.
(2003), who proposed these values as an upper limit for the diffusivity
coefficient. In addition, the fluid diffusion processes are expected to be
slower than 0.5 km/day, while slow slip fronts show velocities of about
a few 3-10 km/day (Hoskins et al., 2021). Thus, these migration veloc-
ities are compatible with a slow slip event propagation in subduction
zones (e.g., Shelly et al., 2007; Kato et al., 2016).

The migration pattern described above continued until April 30 (day
11), when the two largest earthquakes of the sequence ruptured to
the west of the April 19 event. First, at 19:17 (UTC), the earthquake
magnitude Mw 6.6 ruptured at shallow depths of around 15 km with
an epicentral location at mid-distance between the trench and the
coastline. According to the slab 2.0 model, the earthquake occurred at
the plate interface. Seismicity followed this earthquake until 144 min
after when the second event of magnitude Mw 6.5 ruptured only ~10
km to the northwest from the first event. Due to the closeness of
these largest earthquakes, and also considering their rupture size, they
could have interacted between them by a triggering process led by the
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redistribution of stress. After these events (exceeding the magnitude of
the whole swarm), the seismicity exhibits a more organized pattern
with an acceleration in the cumulative number of events. Moreover,
the persistent and localized seismicity that occurred during the initial
period vanished. We instead observe that the seismicity spreads along
an apparent north-east to south-west alignment (Fig. 3), which may
be connected to the track of the subducted Copiap6 ridge and its
deformation fingerprint along the plate interface and the overriding
plate (Alvarez et al., 2015). Finally, during the last period until mid-
May, the seismicity is likely driven by the afterslip triggered by the two
April 30 Mw~6.5-6.6 earthquakes.

One question that needs to be addressed is whether the 2006 Copi-
apo crisis follows the characteristics of a seismic swarm or rather shows
a pattern of mainshock-aftershock. Despite our previous observations
on the spatiotemporal seismicity evolution, we agree with Holtkamp
et al. (2011) that the 2006 Copiap6 crisis as a whole could be described
as a seismic swarm; firstly, the largest earthquakes in the sequence
occurred in the middle of the sequence; secondly, the total area of the
seismic swarm, about 100 km-long and 70 km-wide, is much larger
than one would expect given the size of the earthquakes involved in
the sequence; and finally, the migration described above suggests that
additional aseismic processes drove seismicity to spread over a wider
area during over three weeks.

A key question remains on the depth of the seismicity, and the
main earthquakes analyzed here. The regional network was limited in
2006; therefore, the depth accuracy is poorly constrained in the studied
seismic catalog. The first events of the seismic swarm have low-depth
uncertainties; however, we acknowledge that our scarce database did
not allow us to obtain a high-resolution picture offshore, only using the
information from a few inland stations. Based on the analysis of the
two largest earthquakes of the sequence using teleseismic information,
we can constrain the depth location of the two largest earthquakes
of the sequence. For the first event, the solution converges to ~15
km depth, while the second event shows similar Normalized RMS
misfits for a wider depth range, a problem likely induced by seismic
ambient noise (Morales-Yanez et al., 2020) due to the first event.
Nonetheless, a shallower solution may be reliable considering also the
uncertainties in the centroid depth (Fig. 6). Additionally, for all the
possible estimations in-depth, both reverse focal mechanisms indicate
a low-angle rupture likely associated with the fault plane. Based on
our results, we suggest that the 2006 seismic swarm aforementioned
occurred at the megathrust interface. However, we cannot discard the
possibility of shallow seismicity occurring in the overriding plate.

4.2. Slow & fast slip during the Copiapé swarm

Earthquake swarms along the Chilean subduction zone have oc-
curred in a diversity of modes through seismic sequences. These seismic
swarms have been part of slow and fast behaviors at the plate inter-
face, such as during the Mw 8.1 2014 Iquique and the Mw 6.9 2017
Valparaiso (e.g., Kato et al., 2016; Ruiz et al., 2014, 2017; Caballero
et al., 2021). Conversely, other seismic swarms have been identified
without a subsequent major event, such as the recurrent Navidad
swarm in Central-South Chile (Valenzuela-Malebran et al., 2021) or
some persistent seismic swarms occurring in the Coquimbo region,
North-Central Chile (Poli et al., 2017; Vigny et al., 2009) that exhibit
moderate-to-low magnitude earthquakes.

The single GPS station COPO was analyzed to address if any tran-
sient signal took place during the period of the 2006 Copiapé swarm
(Fig. 4). We identified a slightly westward/trenchward transient from
April 19 to April 28. Precisely, this small trend change started the
same day we identified the beginning of the seismic swarm while we
observed a burst of seismicity occurring on April 19. Moreover, during
this period, we observe higher waveform similarities between pairs of
earthquakes, including doublets with a high correlation coefficient as
a potential repeater event (Fig. 5 and Fig. S7). We consider that this
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Fig. 7. Surface deformation due to the 2006 Copiap6 swarm determined by InSAR and the GPS station COPO. (a) Model of the “coseismic deformation” of the Copiapé swarm.
The colors indicate the line-of-sight (LOS) component of the surface ground displacement derived from InSAR. The blue circles represent the seismic activity identified during the
“coseismic” period between 2005-09-26 and 2006-07-03. The bottom panel shows the slip distribution model along the discretized surface fault. (b) Model of the “postseismic
deformation” of the Copiapé swarm projected in LOS. The green circles represent the seismic activity identified as the aftershock during the “postseismic” period between 2006-07-03
and 2009-08-31. The bottom panel shows the postseismic slip model inverted along the discretized surface fault.

intensive doublet activity and the seismic swarm evolution in this first
stage took place while an SSE had driven slip on the plate interface.
The relative depth of the seismicity, which according to the epicentral
location, could reach 15-20 km depth, suggests that this potential SSE
took place at a shallow segment of the megathrust. The possible short-
term SSE is not comparable to the Mexican (e.g. Radiguet et al., 2012),
Cascadia (e.g. Bletery and Nocquet, 2020), or New Zealand (e.g. Wal-
lace et al., 2012) transient signals that could reach a few centimeters of
displacement due to the scarce GPS instrumentation at this time. Based
on our findings, we propose that a M~6 SSE is feasible offshore along
the shallowest segment of the plate interface. Around La Plata Island,
Ecuador, Vallée et al. (2013) documented shallow SSE together with
seismic swarms likely driven by stress fluctuations related to aseismic
slip and supported by consistent families of repetitive earthquakes.
Observations such as in Ecuador may indicate that seismic swarm
activity and slow processes have a key role in stress release along
subduction zones, and possibly these processes occur synchronously.
To further analyze the influence of the proposed SSE, we perform
the inversion of the coseismic deformation of the 2006 seismic swarm
from both GPS and InSAR observations (Fig. 7). We assume that the
slip takes place on the subduction interface, and we carried out an

exploration of parameters on the area of the dislocation. Our results
are shown in Fig. 7a and Fig. S15. The parameters that best fit the
data are a slip distribution of dimensions of about 26 x 35km and a
maximum slip of 40 cm, located in an area that agrees with our focal
mechanism solutions. This coseismic slip distribution considers a whole
period that we so-called “coseismic”, but includes mainly the seismic
swarm and the two largest earthquakes magnitude Mw~6.5-6.6. We
also estimated the geodetic moment from our inversion, equivalent to
an Mw 6.85, compared to the cumulative seismic moment released in
the same period, equal to an Mw 6.77. Following these results, during
the coseismic period, we observed both seismic and aseismic slips but
no strong differences between them in terms of total moment released.
Previously, Holtkamp et al. (2011) also performed the inversion of the
coseismic deformation with only three interferograms and indicated
that the model that best explains their data does not require a signif-
icant aseismic motion. However, their results show a strong residual
inland around the Copiapé city that could be controlled for an impor-
tant postseismic component included as a dataset of their inversion.
This example motivates us to separate the postseismic contribution
from the coseismic component by carefully studying the temporal in-
version from a set of 55 interferograms. Our results are shown in Fig. 7b
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deep SSE 2014

Fig. 8. Schematic summary of the diversity slips behaviors observed in Copiapé. Circles represented the seismicity during April and May 2006; the green circles correspond to the
seismic swarm between April 19 to April 29, while the white circles correspond to the spreading of the seismicity after the two largest earthquakes occurring on April 30 at 19:17
(bright cyan circle) and 21:40 (purple circle). The coseismic and postseismic deformation inferred from geodetic data is placed in the violet and blue areas, respectively. The star
shows the location of Non-volcanic tremors (NVT) identified in 2020 (Pastén-Araya et al., 2022) and the green area corresponds to the 2014 deep SSE (Klein et al., 2018a). The

red color map along the interface shows the coupling model from Klein et al. (2018b).

and Fig. S16. Our best solution shows a dislocation taking place deeper
and slightly further south than the coseismic rupture, with an average
slip of about 26.5 cm. The estimated geodetic moment is equivalent to
an Mw 6.6, a value several times greater than the cumulative seismic
moment from this period equivalent to an Mw 5.4. These results lead
us to interpret the postseismic slip occurring along the plate interface
with a significant aseismic component of about 98%, which had not
been highlighted before.

An interesting interplay between seismic and aseismic deformation
during swarm episodes has been proposed for some segments of the
South America subduction. For instance, in North-Central Chile, Klein
et al. (2021) analyzed the estimated moment released by the 2020
Atacama seismic sequence, which was 60% due to earthquakes and
40% due to aseismic slip in an area of about 100 x 100 km2. Also, in
Chile, during the nucleation phase of the Mw 6.9 Valparaiso earthquake
sequence, Ruiz et al. (2017) proposed about 80% of aseismic slip re-
leased; conversely, Caballero et al. (2021) estimated about 51% + 11%
of aseismic slip on the megathrust. Moreover, in northern Peru, a
shallow seismic sequence that occurred in 2009 was accompanied by
an SSE that lasted seven months (Villegas-Lanza et al., 2016). Given
the moment released, the authors suggested that a ~70%-85% aseis-
mic process occurred in an area of about 80 x 80 km?. In northern
Ecuador, the 2013-2014 seismic swarm was jointly detected by an
SSE, with the evolution of aseismic slip representing 99% of the total
moment released (Vaca et al., 2018). Finally, Segovia et al. (2018)
also found on La Plata Island, Ecuador, that the 2013 seismic swarm
was synchronous with an SSE that released about 80% of the total
moment estimated from geodetic motion. For the 2006 Copiapé swarm,
we roughly estimate a ratio of the overall seismic and aseismic moment
released of about 43% and 57%, respectively, which occurred in a large
area of 100 x 70 km?2. These relatively moderate M6-7 magnitude
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sequences occurred in large areas considering the maximum magnitude
earthquake of their whole sequences. In summary, although the seismic
and aseismic ratio differences for these seismic swarm episodes in the
South America subduction zone, similar mechanisms, such as slow slip
deformation, seem to appear in most of them, suggesting a common
driver of microseismicity in large extensions in which seismic swarms
occur.

We synthesized our insights in Fig. 8, which include the seismic
swarm, the two largest earthquakes, and the seismicity after these two
major events; we also include the coseismic and postseismic deforma-
tion associated with the 2006 Copiap6 swarm, as well as other aseismic
signatures discovered in the area such as non-volcanic tremors (NVT)
and the possible 2005 deep SSE (Pastén-Araya et al., 2022; Klein et al.,
2018a). Considering the Lay et al. (2012) subduction earthquake clas-
sification, here we followed the most specific along-dip segmentation
for this region proposed by Pastén-Araya et al. (2022). We observed
that the recurrent deep SSE in 2005, 2009, and 2014 took place in
a deeper segment of the megathrust in zone C, and the NVT activity
seems to occur in zone B referred as a transitional segment that may
impede the propagation of major ruptures; whereas the synchronous
seismic swarm and slow slip event, including doublets events, and the
spreading of the seismicity, occurred at shallow depths in zone A, the
same area where similar events and potential repeater earthquakes
were previously identified (Pastén-Araya et al., 2022). These aseismic
signatures proposed in our work add another intriguing component
to the diversity of slip behaviors previously reported in the Atacama
region.

4.3. The influence of the Copiapé ridge

The presence of remarkable high-bathymetric features in the oceanic
lithosphere as the Copiap6 Ridge and its seamounts subducting may
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play a role in the subduction processes inducing frictional segmen-
tation along the plate interface and their surroundings (Wang and
Bilek, 2011, 2014). The effects include coupling coefficient differences,
a wide diversity of slip behaviors, and seismic/aseismic signatures
along the plate interface, resulting in a decrease of normal stress
potentially driven by fluid pressure (Poli et al., 2017). Therefore,
the complexities and heterogeneities at these depths favor aseismic
creep, seismic swarm, and repeater activity (Wang and Bilek, 2011;
Valenzuela-Malebran et al., 2021; Singh et al.,, 2011). In Copiap6,
Chile, Pastén-Araya et al. (2022) inferred an along-dip heterogeneous
plate interface, identifying clusters of similar events at shallow depths
in the interface (between 18 to 29 km depth) occurring in a zone with
a high Vp/Vs ratio and moderate Vs and Vp values, and with a low
coupling value (Klein et al., 2018b; Metois et al., 2016), separating two
areas of high coupling northern and southern the path of the seamounts
tracking. Moreover, the 2006 Copiap6 swarm occurred at the edge of a
low coupling zone, which favors our hypothesis of an SSE occurring just
below this shallowest segment of the plate interface where also NVT
activity has been identified. These physical conditions suggest fluid
content in the system that may drive or promote transient aseismic slip
at that portion of the megathrust.

More recently, in Central Chile, the 2017 Valparaiso Mw 6.9 earth-
quake nucleated in the vicinity of a subducted seamount of the Juan
Fernandez Ridge (Ruiz et al., 2018). In this case, the clustered seis-
micity presented a migration pattern from the north to the south-
east, potentially associated with an aseismic slip transient (Ruiz et al.,
2017; Caballero et al., 2021). The similar nature and migration history
between the Copiapé Ridge and the Juan Ferndndez Ridge (Bello-
Gonzélez et al., 2018), suggest a similar influence on the slip behaviors
due to the seamounts subducted for each Ridge. In both cases, the high
topographic complexities, seismicity migration, and potential aseismic
process reflect an asperity-like behavior that may promote clustered
low-to-moderate seismicity but also changes in the deformation process
along the plate interface.

Subducted oceanic features such as oceanic ridges also indicate
potential fractures of the upper plate around the subducting seamounts
within the forearc regions (Wang and Bilek, 2011; Morell, 2016).
For instance, in the Ecuadorian subduction zone, Collot et al. (2017)
studied how the oceanic relief subducting is deforming seismic and
aseismically the forearc in an area of recurrent SSE located in a partly
locked region. They described that seismicity could rupture at the plate
interface, and other events could reactivate near faults, while an SSE
induces a stress increment and promotes complex and multiple ruptures
in the seamount’s surroundings. If that is the case of the 2006 Copiap6
swarm, we think that the persistent and localized seismic swarm during
the first period may occur at shallow depths, possibly influenced by a
seamount undergoing subduction as suggested by Comte et al. (2002).
The spatial location of this seamount along the interface could explain
the seafloor morphology observed in the bathymetry as a response
to the seamount subducting in the area (Métois et al., 2014; Comte
et al., 2006). Therefore, following other authors, we consider that the
tracking of the Copiap6é Ridge and the spatial distribution of their
seamounts may influence and trigger the diversity of seismic and
aseismic signatures observed, including the 2006 seismic swarm.

5. Conclusion

We have studied the fast and slow processes related to the 2006
Copiap6 swarm performing seismological and geodetic constraints. The
seismic swarm occurred at a shallow area of the plate interface that
spatially correlates with an inferred subducted seamount of the Copi-
ap6 Ridge at this latitude. We show a spatiotemporal evolution of
the seismicity, starting with clustered earthquakes on April 19 that
migrate at velocities around 2 to 10 km/day until April 28, the same
period when we find high cross-correlation coefficients among pairs
of events, doublets earthquakes, and a slight westward transient in

11

Journal of South American Earth Sciences 123 (2023) 104198

the GPS station COPO. We further study the two largest earthquakes
Mw~6.5-6.6 that occur only 2.4 h apart from each other. The focal
mechanism, centroid depth, and time shift solutions allow us to propose
similarities between them, confirming a low-angle mechanism, shallow
depths constrained to the plate interface, and similar rupture patterns.
We characterized the coseismic and postseismic deformation related to
the seismic swarm by using InSAR images, from which we conclude
a significant contribution of aseismic slip during the postseismic pe-
riod, while during the coseismic period, we identify a more negligible
contribution. We proposed that the 2006 Copiap6 swarm and their
migration patterns observed during the initial period were driven by
a potential slow slip event likely influenced by the presence of the
Copiap6 Ridge, which decoupled the plate interface and promoted
aseismic signatures such as NVT, repetitive earthquakes, and shallow
and deep SSE, previously studied. Finally, despite the data limitations
during this period, we further attempt to study the large seismic swarm
hosted in an area where large earthquakes such as the 1922 Atacama
event have occurred and where it has been a challenge to assess for
seismic hazard evaluation, including the potential influence of the slip
behavior diversity.
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