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Key Points:

« Microseismicity catalog and map of interplate locking derived for the Atacama 1922
seismic gap in North-Central Chile
 Plate interface seismicity coincides with downdip edge of high coupling

« Seismo-geodetic signals due to the subduction of the Copiapé ridge are prominent

but negligible for the subducting Taltal Ridge.
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Abstract

We deployed a dense geodetic and seismological network in the Atacama seismic gap in
Chile. We derive a microseismicity catalog of >30,000 events, time series from 70 GNSS
stations, and apply a transdimensional Bayesian inversion to estimate interplate lock-

ing degree. We identify two highly locked regions of different sizes whose geometries ap-
pear to control seismicity patterns. Interface seismicity concentrates beneath the coast-
line just downdip of the highest locking. A region of lower interplate locking around 27.5°S
coincides with higher seismicity levels, a high number of repeating earthquakes and events
extending further towards the trench. Having shown numerous signs of aseismic defor-
mation (slow-slip events and earthquake swarms), this area is situated where the Copiapd
Ridge is subducted. While these findings suggest that the structure of the downgoing
oceanic plate prescribes patterns of interplate locking and seismicity, we note that the

Taltal Ridge further north lacks a similar signature.

Plain Language Summary

Deformation along plate boundaries can occur seismically (i.e. through earthquakes)
as well as aseismically (i.e. slipping slowly), and it is important to understand where each
of these modes is dominant. Along the Chilean subduction contact, North-Central Chile
is the only place where aseismic deformation episodes have been observed so far. In or-
der to study these processes in detail, we deployed and operated dense geodetic and seis-
mological networks in this region. Analyzing the data collected by these networks, we
find notable relationships between seismic and aseismic processes. Thousands of small
earthquakes are found at the boundaries of locked regions, whereas no small earthquakes
are found at their interior. Thus, implying such regions are mechanically coupled, i.e.
currently accumulating elastic deformation energy that will one day be released during
a large earthquake. Along the North-Central Chilean plate boundary, there is one re-
gion (around 27.5°S) that shows many signs of aseismic deformation. It is located where
a chain of seamounts is being subducted, which is likely responsible for the different be-

havior of this segment.

1 Introduction

Relative motion along the subduction zone plate interface is partitioned between

seismic and aseismic processes (e.g. Perfettini et al., 2010). The seismogenic zone of the
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megathrust accumulates slip deficit and releases it seismically during large earthquakes
(Lay et al., 2012). In contrast, the adjacent updip and downdip regions tend to yield aseis-
mic slip to account for part or the totality of the plate convergence(e.g. Peng & Gomberg,
2010). The amount of convergence accommodated in large earthquakes versus contin-
uous or transient creep is highly variable along strike in many subduction zones (Métois

et al., 2016). Different forms of aseismic slip are observed along the plate interface. Slow-
slip events (SSEs) are days-to-months long aseismic slip pulses that usually occur at the
downdip end of the plate interface and are often accompanied by non-volcanic tremor
(Schwartz & Rokosky, 2007). However, SSEs have also been observed in the shallowest
part of the plate interface (e.g., Araki et al., 2017) or within the seismogenic zone. Aseis-
mic slip transients have also been observed to precede large earthquakes (e.g., Ito et al.,
2013; Radiguet et al., 2016; Socquet et al., 2017; Voss et al., 2018), as a mixture of slow
deformation and foreshocks (Bedford et al., 2015). Finally, aseismic slip unrelated to large
earthquakes has also been observed along weakly locked segments of the plate interface.
Increased seismicity rates or swarm-like sequences have been found to occur in direct vicin-
ity to — and likely triggered by — aseismic transients (Vallée et al., 2013; Hirose et al.,
2014). Repeating earthquakes, recurring small events that repeatedly rupture the same
fault area, are thought to be a direct consequence of ongoing aseismic deformation in their

surroundings (Igarashi et al., 2003; Uchida & Biirgmann, 2019).

SSEs along the Chilean margin appear to be rare or at least more subtle. North-
Central Chile is one of the few sites where transient slow-slip events have been observed
independently from large megathrust earthquakes in Chile. A SSE event of ~18 months
duration with a maximum slip of about 50 cm was observed at the deepest part of the
plate interface in 2014 and 2015 (Klein, Duputel, et al., 2018), and again in 2020 (Klein
et al., 2023). Swarm-like seismicity sequences have been observed in 2006 and 2015 close
to the town of Caldera, updip of the SSE’s location (Holtkamp et al., 2011; Ojeda et al.,
2023), as well as ~50-100 km further south in 2020 (Klein et al., 2021). However, this
segment of the margin has until recently only been sparsely instrumented, so that a first
more comprehensive analysis of its seismicity has only recently been undertaken (Pastén-
Araya et al., 2022). The Atacama region was struck by a great (Mw ~ 8.5) earthquake
in 1922 and by a similar event in 1819 (Fig. 1a), thus being considered a mature seis-
mic gap, at risk of breaking in a great subduction earthquake (e.g., Yénez-Cuadra et al.,

2022).
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In this study we deployed a dense network of 85 seismic stations complementing
16 stations already installed in the region (see Text S3, Figures 1, S6). Additionally, we
deployed 28 continuous GNSS stations to densify the already existing network composed
by 42 GNSS sites (see Text S1, Figures S1-S3). We created a high-resolution microseis-
micity catalog comprising more than 30,000 events occurring for 15 months since Novem-
ber 2020. We compare such seismicity to interplate locking constrained by GNSS sec-
ular rates and estimated using a transdimensional Bayesian approach. In this scheme,
the spatial resolution of the locking model is obtained in a data-driven manner without
the need for a priori smoothing. From these we derive constraints on the interplay of seis-
mic and aseismic processes in the region. In the following sections, we first describe the
derivation of the locking model from geodetic observations, as well as the seismicity cat-

alog from the measured seismic waveforms.

2 A transdimentional Bayesian estimation of interplate locking

We used data from a total of 70 GNSS stations located between 23°S and 32°S,
where two new deployments provided a total of 28 new stations in addition to the back-
bone network of the National Seismological Center of Chile (Figure 1; Table S1). We pro-
cessed the GNSS data using Bernese software to produce daily positional time series for
the period between January 2018 and February 2023 (Dach et al., 2015; Teunissen & Mon-
tenbruck, 2017; “VMF Data Server”, 2021). Then, we clean the time series and adjust
a trajectory model to isolate the secular velocity for each station in the ITRF2014 sys-
tem (Huang et al., 2012; Bevis & Brown, 2014; Béez et al., 2018; Kohne et al., 2023).

We refer the reader to Supplementary Text S1 for further details.

Over the analyzed period, no transient motions are visible in the raw time series
or in the residuals of the trajectory model. The estimated horizontal velocities show a
gradual increase north of 29°S (Figure 1b). Between 29°S and 31°S, a decrease in the
magnitude of the velocities is observed in the area of the 2015 (M,,8.3) Illapel earthquake
rupture (Figure 1a). Vertical motion shows subsidence at coastal stations at 27.2°S and

29°S, which may be related to changes in the depth of the locked zone.

We use the resulting velocities to estimate the degree of locking along the subduc-
tion megathrust based on the backslip model (Savage, 1983). We compute Green’s func-

tions accounting for interseismic viscoelastic relaxation using a finite element model, fol-
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lowing the approach and rheological properties used by Aagaard et al. (2013); Li et al.
(2015). The interseismic deformation field in the forearc of northern and central Chile

is affected not only by contraction induced by plate coupling, but also by continental de-
formation driven by the partitioning of tectonic deformation along continental structures
(e.g. Yanez-Cuadra et al., 2022). Thus, to estimate the degree of locking, it is necessary
to subtract the contribution of continental deformation from the regional displacement
field. Therefore, we corrected the velocities by subtracting the predicted regional con-
tinental deformation tensor estimated by Yéanez-Cuadra et al. (2022) from the estimated
displacements (Figure 1b). To estimate the degree of locking, we perform a Bayesian trans-
dimensional inversion (Green, 1995; Bodin & Sambridge, 2009; Sambridge, 2013) where
samples from the posterior probability function of backslip are obtained using the reversible
jump Markov chain Monte Carlo (rj-MCMC) method. In our approach, the spatial dis-
tribution of locking is discretized by Voronoi cells (Dettmer et al., 2014). The number
and location of Voronoi cell centers are not fixed, but are allowed to vary according to

a stochastic process. We impose constraints of positivity and maximum fault slip along
the up-dip direction (up-dip slip > 0 and smaller than convergence rate between the tec-
tonic plates). We note that this methodology follows Bayesian parsimony, where the size
of the Voronoi cells slip discretization is driven by the resolving capability of the data
and the properties of the physical model. Therefore, in contrast to typical least-squares
optimization approaches that need some prior spatial smoothing constraint to solve the
inherently ill-posed slip inversion (e.g., Ortega-Culaciati et al., 2021), our approach does
not require such a subjective smoothing of the slip distribution (see Supplementary Text

s2).

Using the transdimensional approach, we obtain an ensemble of more than 1 mil-
lion locking models. From the ensemble, we compute the mean locking distribution shown
in Figure 1b. The model fit well the horizontal and vertical observations (Figure S2) and
shows a pattern of locking degree that increases northward, similar to the gradient shown
by the surface displacement field. Our results show high values of interplate locking in
the offshore region, with mostly lower values (<0.6) beneath the onshore regions. The
margin north of 27.5°S appears to be highly locked, with the highest values around 26°S.
A second smaller, less prominent locking high is situated in the south of the study area,
around 28-29°S. It is separated from the northern locking high by a narrow region with

a significantly lower locking degree around 27.7°S, where no values exceeding 0.5 are found.
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Locking degree is very low in the southernmost part of the study region, possibly due

to contamination with postseismic signals from the 2015 (M8.3) Illapel earthquake.

3 Seismicity catalog

We analyzed data from 101 seismic stations located in the Atacama seismic gap
(24.4°S — 30.3°S) that continuously recorded waveforms from November 2020 to July 2022

(Figure 1). Given the large amount of data, we used an automated earthquake detec-

tion and location workflow based on machine learning techniques for phase picking (EQTransformer;

Mousavi et al., 2019, 2020; Miinchmeyer et al., 2022; Woollam et al., 2022) and phase
association (GaMMA; Zhu et al., 2022). We define events as having at least 7 P- and

4 S-phases resulting in a seismicity catalog that features 30,560 events, comprising 469,980
P-phases and 391,350 S-phases. We then successively relocated this catalog based on a

1D as well as a 2D velocity model that was derived from a subset of our data (Kissling

et al., 1994; Thurber & Eberhart-Phillips, 1999; Havskov et al., 2020), before eventually
applying hypoDD (Waldhauser & Ellsworth, 2000) to obtain double-difference reloca-
tions (see Text S3). We estimate average location errors to be <5 km inside the network,
while they increase to 10-25 km outside the network toward the trench and volcanic arc.
Local magnitudes range from 0.6 to 5.7 and we obtain an overall completeness magni-

tude of 1.6 (Figure S9).

The seismicity catalog is presented in Figure 2. The apparent decay of seismicity
north of ~24.5°S and south of ~29.5°S is likely due to the lower detection capability plus
shorter deployment times in such regions. A continuous band of high background seis-
micity beneath the coastline is the most prominent feature of the catalog. Events in this
band, located ~30-100 km from the trench, define two parallel planes with <10 km ver-
tical separation in profile view (Figure 2b-e). While the upper plane likely corresponds
to the deeper portion of the plate interface, its deepest (; ~75 km) portion is located
inside the downgoing slab and corresponds to the upper band of an occasionally visible
double seismic zone (DSZ, e.g. Brudzinski et al., 2007; Sippl et al., 2018). Seismicity
is scarce at the shallower part of the plate interface, extending closer to the trench along
a total of four or five narrow features (Figure 2a), that also host significant concentra-
tions of repeating earthquakes (see Text S4). Seawards of the trench, scattered events
south of 26°S likely occurred in the outer rise region. Due to their location far outside

the network, the depth of these events is very badly defined. East of the coastline, seis-
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micity is largely found inside the downgoing slab, confined to the uppermost 25-30 km
of the lithosphere. Most of this intraslab seismicity occurs at ~50-120 km depth, between
~150-300 km distance from the trench. The geometry and vigor of intraslab seismicity
is highly variable along strike. In the north (Figure 2b), most seismicity occurs in the
uppermost 10-15 km of the slab, whereas deeper levels (20-30 km below slab surface) are
most active further south (Figure 2d,e). In profiles ¢ and d of Figure 2, a clear DSZ with
about 15 km separation between both bands is visible. The southward transition to the
Pampean flat slab is accompanied by high seismicity levels deeper within the downgo-
ing slab. We obtain 3,431 upper plate seismic events, defined as those located at <15
km depth and >5 km above the top of the subducted slab. Their occurrence rate is sig-
nificantly increased during local daytime, suggesting a predominance of mining blast ac-

tivity (Figure S10).

4 Discussion
4.1 Relation between microseismicity and interplate locking

Figure 3 summarizes the spatial relationship between interplate locking and the oc-
currence of microseismicity along the North-Central Chile margin. The highest concen-
tration of microseismicity is found to occur just seawards and beneath the coastline (Fig-
ure 3a), with hypocentral depths between ~25 and 40 km. This location roughly cor-
responds to the landward edge of the highly locked regions, indicating that most seis-
micity occurs where locking starts to decrease in the downdip direction (Figure 3c). In
contrast, the shallow part of the megathrust is largely aseismic, and most seismicity that
extends further towards the trench is confined to a weakly locked region between ~27.5
and 28°S. When projected in the along-strike direction (Figure 3b), the highest seismic-
ity concentrations and the largest number of repeating earthquakes (Uchida & Matsuzawa,
2013) can be found along the northern and southern terminations of the southern highly

locked patch.

A very similar pattern of seismicity and interplate locking was found just south of
the study region (Sippl et al., 2021), where it was interpreted as the signature of mature
asperities on the megathrust. Accumulation of convergence over most of the seismic cy-
cle creates a “halo” of high stresses around the downdip edge of highly locked regions

(e.g. Moreno et al., 2018; Schurr et al., 2020). This “halo” may be the cause of the high
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levels of background seismicity we observe on the deeper part of the plate interface. The
weak locking and high seismicity we obtain around 27.7°S likely represents a segment

of the megathrust that features more aseismic deformation. Weak locking in this loca-
tion is a stable feature across all published locking maps of the area (Métois et al., 2016;
Klein, Métois, et al., 2018; Yanez-Cuadra et al., 2022), and numerous indicators for slow
slip processes have been observed here (Section 4.2; Figure 4). The seismicity in the shal-
lower part of the plate interface in this region is probably driven by such slow slip pro-
cesses, which explains its absence in other, more highly locked regions of the megath-

rust.

The southern termination of the southern locked patch around 29°S features in-
creased seismicity levels and elevated numbers of repeating earthquakes (Figure 2), sim-
ilar to the region around 27.7°S. While the resolution of our catalog is very low south
of ~29°S, Sippl et al. (2021) shows an extended zone of increased shallow plate inter-
face seismicity up to ~30.5°S. This could hint the presence of aseismic processes related
to the incoming Challenger Fracture Zone (Figures la and 3), which is thought to have
prescribed the northern termination of the 2015 M, 8.3 Illapel earthquake (e.g., Tilmann
et al., 2016; Poli et al., 2017).

4.2 Seismic and aseismic signature of the Copiapé Ridge

Figure 4 summarizes observations of seismic and aseismic processes in the vicin-
ity of the incoming Copiapé Ridge. A prominent offshore seismic swarm occurred in the
region in 2006 (Holtkamp et al., 2011), and similar swarm occurrences have been reported
for the years 1973, 1979 and 2015 (e.g., Ojeda et al., 2023). The 2014 SSE was situated
further downdip but covered the same latitudinal range (Klein, Duputel, et al., 2018).
A similar SSE was identified starting in March 2020, confined to the southern part of
the 2014 SSE (Klein et al., 2023). Aseismic slip continued at least until September 2020,
when the Atacama seismic sequence (see below) began to shadow the SSE signal. Non-
volcanic tremor events observed in 2019 (Pastén-Araya et al., 2022) occurred directly up-
dip of the 2014 SSE. In September 2020, only 2.5 months before the start of our cata-
log and GNSS observations, the Atacama seismic sequence occurred, featuring three ma-
jor earthquakes of M>6. In addition, unusually large amounts of aseismic slip, equiv-
alent to M,, 6.8, occurred within the weakly coupled patch between the mainshock of

the Atacama seismic sequence and the southern edge of the 2014 SSE (Klein et al., 2021).
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This sequence was situated along the southern edge of our inferences of weak locking,
whereas all previously mentioned observations of earthquake swarms, SSEs and NVTs
were situated 50-100 km further north (Figure 4). We found continued elevated back-
ground seismicity rates throughout the studied time interval in the latitudinal range of

the 2020 Atacama sequence, accompanied by some repeating earthquakes (Figure 2).

Taken together, all these observations highlight the complex interplay of seismic
and aseismic processes in the direct vicinity of the subduction of the Copiapé Ridge. It
has previously been shown that elevated roughness on the downgoing plate leads to re-
duced interplate coupling (Wang & Bilek, 2014), as well as the formation of weakly cou-
pled, creeping segments that may act as “barriers” to large earthquakes due to the lack
of stress accumulation. Subducting ridges have also been shown to feature enhanced hy-
dration of the downgoing plate, which can further reduce interplate coupling through the
release of fluids and the subsequent increase of pore fluid pressure on the plate interface
(e.g. Moreno et al., 2014). While these observations suggest that the region around 27.7°S
represents a weakly locked “barrier” that may hinder the propagation of large megath-
rust earthquakes, the two last major earthquakes in 1922 and 1819 have both ruptured
across it (Figure la). North of 26°S, the Taltal Ridge impinges onto the North-Central
Chilean margin. Although its offshore bathymetric expression is similar to the Copiapé
Ridge (Figure 1), we do not retrieve a region of lower interplate locking degree or ele-
vated seismicity in this region (Figures 1 and 3). Whether this implies that the Taltal
Ridge has only recently started to be subducted, or whether it possesses properties that

clearly distinguish it from the Copiapé Ridge, is currently unclear.

4.3 Intraslab seismicity

Here we only provide a brief general overview of intraslab seismicity, with a more
detailed analysis delegated to a future study. Our catalog shows Nazca plate intraslab
seismicity occurring at depths ranging 35-~120 km. A DSZ can be recognized, with its
upper seismicity band most vigorously active directly beneath where most plate inter-
face seismicity occurs (Figure 2c). The lower band of the DSZ, located ~15 km below
the upper band, within the downgoing slab, shows only weak activity at depths shallower
than 80 km. At larger depths, seismicity in deeper levels of the slab intensifies. Thus,
being harder to distinguish the two bands of the DSZ, as seismicity fills the gap between

the two zones, in a similar manner as independent observations in Northern Chile (e.g.

—10—
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Sippl et al., 2018). Most of this deeper intraslab seismicity is concentrated south of 27°S,
with a clear maximum around 27.4°S. Intraslab earthquakes at intermediate depths are
thought to be related to dehydration processes in the downgoing oceanic lithosphere (e.g.
Hacker et al., 2003; Zhan, 2020). It is widely assumed that the loci and rate of seismic-
ity in the slab represent the distribution of fluid release at depth. The concentration of
deeper seismicity around 27.4°S may be the signature of increased hydration of the down-
going Copiapé Ridge. Streaks of increased intermediate-depth seismicity have been pre-
viously shown along the trace of downgoing ocean features along the Chilean margin (e.g.
Kirby et al., 1996; Geersen et al., 2022). We could hypothesize there is a direct causal
link between the different signatures of the Copiapé Ridge on the plate interface (low
locking degree and seismicity) and within the slab (increased seismicity), through fluid
processes, for instance. Alternatively, both behaviors may be independent consequences
of ridge subduction. Discriminating between these hypotheses is beyond the scope of this
contribution. We note that the signature of the Taltal Ridge further north is again less

clearly visible, if present at all.

5 Conclusions

We combine novel highly resolved seismological and geodetic observations and model
these using frontier techniques. Our results identify a number of distinct seismic and aseis-
mic patterns that appear to be mainly influenced by the structure of the downgoing Nazca
Plate. Our inferred locking distribution suggests that the Atacama seismic gap consists
of two highly coupled regions of different sizes, separated by a creeping corridor with higher
background seismicity. The geometry of these two “asperities” appears to control seis-
micity patterns. While the highly locked shallow part of the plate interface presents scarce
seismicity, the downdip limit of interplate locking is marked by a band of background
seismicity located beneath the coastline. Interplate locking decreases significantly around
27.7°S, where seismicity reaches shallower depths and numerous indicators for ongoing
aseismic slip processes have been observed. The subduction of the Copiap6 Ridge at this

latitude creates a clear signature along the megathrust and at deeper depths inside the

downgoing slab, both as a consequence of bathymetric roughness and/or increased (de)hydration.

—11—
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and will be opened at the end of the project (2026). Moment tensors used in Figure 4
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Figure 1. (a) Map view showing the distribution of existing and new GNSS and seismic net-
works in North-central Chile. The slab surface after model slab2 (Hayes et al., 2018) is shown
with dashed black contour lines at 15 km intervals, the black barbed line marks the Chile-Pert
trench and the white dotted outlines show prominent seafloor features (CFZ - Challenger Frac-
ture Zone; COR - Copiapé Ridge; TR - Taltal Ridge). Rupture extents of historical megathrust
earthquakes (M>8) are shown on the left. The red rectangle shows the extent of subfigure b).
(b) Horizontal (vectors) and vertical (point coloring) velocities and uncertainties (red ellipses)
of GNSS stations used in this study, shown together with the derived mean interplate locking

model. The extent of the 1922 Atacama seismic gap is shown by the white ellipse on the left.
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Figure 2. Map view (a) and profile projections (b-e) of the 30,560 hypocenters in the seis-
micity catalog, color-coded by depth. Families of repeaters are shown by green plus markers.
The locations and swath widths of the profile projections are indicated by the black brackets
in subfigure a). The black barbed line in the map view plot marks the location of the trench,
the dotted pale grey lines show prominent seafloor features. The slab2 slab surface (Hayes et
al., 2018) is shown with dashed contour lines in a) and with solid lines in the profile plots. The
dashed black line in the profiles shows the inferred oceanic Moho located 7km below the slab2
surface. The dotted thin line shows the continental Moho from Tassara and Echaurren (2012).
The position of the trench is marked by black inverted triangles. The blue histograms show

earthquake numbers along the profiles, excluding upper plate seismicity.
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Figure 3. Correlating seismicity and interplate locking patterns. a) Map view plot of seismic-
ity density, showing contours of mean interplate locking (0.6, 0.7, 0.8 and 0.9) as well as features
on the downgoing oceanic plate. Black lines mark the locations of the W-E profiles shown in
subfigure c). b) Projection of seismicity onto a single longitudinal plane. Histogram in blue repre-
sents the amount of seismicity in the vicinity of the plate interface (20-70 km depth), histogram
in red the intermediate-depth seismicity (depth >70 km), and histogram in green the repeating
earthquakes. Red line shows the average locking degree of the uppermost 40 km of the plate in-
terface according to the locking model shown in Figure 1b. ¢) Narrow W-E profiles of seismicity
(swath width £0.2° around nominal latitude), showing event numbers in the depth range 20-70
km with the blue histograms. Red line represents the average locking degree in a swath of £0.1°

around the profile location.
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Figure 4. (left) Zoom-in to the weakly locked region (~ 27.5°S5) onshore of the incoming
Copiapé Ridge. Blue circles mark earthquakes between 01/08 and 23/11/2020, taken from the
CSN catalog (Barrientos, 2018) and mostly showing the 2020 Atacama sequence (Klein et al.,
2021). Black circles show earthquakes from our catalog, starting on 23/11/2020. Beachballs show
lower-hemisphere projections of focal mechanisms for events with magnitude >4.8, taken from
GEOFON. Purple contours mark the location of aseismic slip during the 2014 SSE (Klein, Dupu-
tel, et al., 2018), the red dot marks the approximate position of the 2020 SSE (Klein et al., 2023).
The latitudinal range of earthquake swarms in 1973, 1979, 2006 and 2015 (Ojeda et al., 2023) is
indicated by the green bracket, and the pink ellipse shows where non-volcanic tremor was iden-
tified in 2019 (Pastén-Araya et al., 2022). Green, yellow and orange lines mark locking degree
contour lines of 0.6, 0.7 and 0.8. (right) Plot of earthquake latitudes against time, showing CSN
catalog earthquakes in blue and our catalog in black. A horizontal stripe of increased seismicity is

present at the latitude of the 2020 Atacama sequence. The red stripe marks the 2020 SSE.
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