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A B S T R A C T

In this review article, we compile seismological observations from the different constituent parts of the
Northern Chile forearc: the downgoing Nazca Plate, the plate interface, the upper South American Plate as well
as the mantle wedge beneath it. As Northern Chile has been monitored by a network of permanent seismic
stations since late 2006, there is a wealth of observations that enables us to characterize the structure as
well as ongoing processes in the forearc throughout the last 15 years. We put an emphasis on the analysis of
seismicity, for which we have extended a massive earthquake catalog that now contains >180,000 events for
the years 2007–2021. Moreover, we draw on published results for earthquake mechanisms, source properties,
seismic velocity structure, statistical seismology and others, and discuss them in context of results from
neighboring disciplines. We thus attempt to provide a comprehensive overview on the seismological knowledge
about the structure and ongoing processes in the Northern Chile forearc, a breviary of which is found in
the following: The Northern Chile megathrust hosted two major earthquake sequences during the analyzed
time period. The 2007 𝑀𝑤 7.8 Tocopilla earthquake broke the deep part of the megathrust just north of
Mejillones Peninsula, whereas the 2014 𝑀𝑤 8.1 Iquique earthquake ruptured the central segment in the
north of the study region. The latter event has a highly interesting preparatory phase, including a significant
foreshock sequence as well as aseismic slip transients. Besides these large events, background seismicity
elsewhere on the megathrust may be helpful for characterizing the earthquake potential and locking state
in the remaining seismic gap. The downgoing Nazca Plate in Northern Chile exhibits very high seismicity
rates, with the vast majority of earthquakes occurring at depths of ∼80-140 km with downdip extensive
mechanisms. While seismic tomography shows no sudden changes in slab geometry along strike, seismicity
describes peculiar offsets that may be linked to subducted features on the oceanic plate. Upper plate seismicity
likewise shows strong variations along strike, with the north and south of the study area showing only weak
activity, whereas the central segment shows pervasive microseismicity throughout the upper plate, all the way
to the plate interface. These earthquakes have thrust and strike-slip mechanisms with P-axes striking roughly
N-S, indicating margin-parallel compression that may be connected to the concavity of the margin.
1. Introduction

The subduction plate margin in Northern Chile is one of the most
seismically active regions on this planet. The activity encompasses all
its structural parts: within the last 20 years, the Northern Chile megath-
rust ruptured with an M8.1 and two M > 7.5 events, the subducted
Nazca Plate hosted one M > 7.5 and about 20 M > 6 earthquakes and
the upper South American Plate still featured two events of M > 6.
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Due to its status as a prominent seismic gap that had not rup-
tured since 1877 (see Fig. 1), the region has been permanently mon-
itored with seismic stations since late 2006. With 15 years of uninter-
rupted station coverage, Northern Chile is one of the better-monitored
subduction zone segments globally. The M8.1 Iquique earthquake in
2014 (Schurr et al., 2014; Ruiz et al., 2014; Hayes et al., 2014) partially
closed the seismic gap, but great earthquakes are still expected to
the south and north of it (Lay and Nishenko, 2022), so that ongoing
observation of the region is essential. The present article is an attempt
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Fig. 1. Overview map for the Northern Chile region, showing bathymetry/topography from the GEBCO grid (GEBCO Compilation Group, 2020). Colored dashed lines in the ocean
show isolines of oceanic plate age (after Müller et al., 2008), blue solid lines onshore show depth contours of the slab surface according to the slab2 model (Hayes et al., 2018).
The green barbed line marks the location of the megathrust at the surface. Black and red triangles represent volcanoes that have been active since the Pleistocene (black) or
Holocene (red) according to the Global Volcanism Program (Global Volcanism Program, 2013). The two violet east–west trending lines describe the extent of the topography
profiles that are plotted in the upper right inset. CC — Coastal Cordillera; WC — Western Cordillera; PVG — Pica Volcanic Gap. Left panel shows the approximate rupture extents
of past megathrust earthquakes with M > 8 (red lines) and 7 < M < 8 (green lines), compiled from Ruiz and Madariaga (2018) and Schurr et al. (2014). The dashed red line
shows the possibly shorter extent of the 1877 event advocated by Vigny and Klein (2022).
to summarize the seismological state-of-knowledge on the Northern
Chile forearc between Arica at the Peruvian border (∼18.3◦S) and the
Mejillones Peninsula in the south (∼23.5◦S; see Fig. 1). We will present
an overview of observations that was gained from past and ongoing
seismological experiments, while also introducing and analyzing an
extended and comprehensive microseismicity catalog that covers the
years 2007 to 2021 (>180,000 events), and thus allows us to investi-
gate long-term trends. After introducing the regional tectonic setting
(Section 2) and describing the seismicity catalog (Section 3), we com-
pile observations and conceptual models for the different constituent
parts of the Northern Chile forearc: the plate interface (Section 4),
the downgoing plate (Section 5), the mantle wedge (Section 6) and
the upper plate (Section 7). In each of these sections, we will draw
on seismological evidence for the observation summary and include
results from neighboring disciplines such as geodesy or geology for
the discussion of ongoing processes. Lastly, we will provide an outlook
onto potential interactions between the different parts of the forearc
(Section 8).

2. Tectonic setting

Regional plate kinematics in Northern Chile are prescribed by the
slightly oblique ENE-directed convergence between the downgoing
oceanic Nazca Plate and the South American Plate with a relative veloc-
ity of about 6.7 cm/yr (Angermann et al., 1999; Norabuena et al., 1998;
2

Jarrin et al., 2022). The Nazca Plate is 46–52 Ma old where it impinges
on the trench (Fig. 1; e.g. Müller et al., 2008). Beyond the trench, it
acquires a slab dip of 20–25◦, which makes it a region of conventional
subduction in-between two flat slab sections in Southern Peru (e.g.
Bishop et al., 2017) and Central Chile (Ramos and Folguera, 2009).
With a thermal parameter of 1500–1750 (e.g. Syracuse et al., 2010),
the Northern Chile subduction zone can be classified as intermediate
between young and warm subduction zones like Cascadia and old and
cold ones like Tonga or NE Japan. The Northern Chile forearc is situated
at the latitude where the Andean orogen reaches its largest width and
exhibits two major ∼4 km high plateaux (Altiplano and Puna) in the
backarc (e.g. Oncken et al., 2006; Beck et al., 2015). The Nazca Plate
offshore Northern Chile features crustal thicknesses between 6 to 8 km
in most places (e.g. Tassara et al., 2006; Patzwahl et al., 1999; Ranero
and Sallarès, 2004), which conforms to the global average (Grevemeyer
et al., 2018). Along the NE-to-NNE-striking Iquique Ridge (Fig. 1), a
hotspot track that formed 45–50 Ma ago and started colliding with
South America 40 Ma ago (Bello-González et al., 2018; Contreras-
Reyes et al., 2021b), crustal thickness values of up to 13 km have
been detected (Myers et al., 2022). The margin is sediment-starved due
to a lack of sediment delivery, a result of the extreme aridity in the
forearc (e.g. von Huene and Scholl, 1991), readily exposing normal-
faulting scarps in the Outer Rise region (e.g. Geersen et al., 2018) as
well as the deep trench (>8000 m).
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Fig. 2. Geological map of forearc, arc and backarc of Central South America. Map is based on Geological Map of South America (at the scale 1:5.000.000; Gómez et al., 2019).
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Fig. 3. Overview over permanent and temporary seismic networks in Northern Chile since 2006. Permanent stations are shown with large triangles, and their names and year of
installation is given. Stations from temporary deployments are indicated with smaller triangles, and colored according to the network as listed in the legend.
To the north of the study region, the entire margin describes a
westward concave arc, the ‘‘Arica Bend’’. Onshore, the Northern Chile
forearc is made up of a series of four older magmatic arcs which date
back until the Jurassic, a setup that was formed due to long-term
subduction erosion of the upper plate and stepwise arc retreat since
that time (e.g. Rutland, 1971; von Huene and Scholl, 1991; Haschke
et al., 2006). The present morphology of the forearc is characterized
by the presence of the Coastal Cordillera – exposing the Jurassic
magmatic arc (Fig. 2) – which gives rise to significant topography
close to the coastline (see inset in Fig. 1). The Longitudinal Valley –
overlying the Cretaceous arc – separates the Coastal Cordillera from
the Precordillera (the Paleogene arc) and Western Cordillera, which
sits on the western shoulder of the plateau and constitutes the current
active magmatic arc. In the northern part of the Western Cordillera,
recent volcanism is notably absent from a region between about 19.5
and 20.5◦S, which is referred to as the Pica Volcanic Gap (Wörner et al.,
1992, Figs. 1 and 2). In the southeast of the study area, the Salar
de Atacama is an anomalous crustal block (e.g. Reutter et al., 2006;
Schurr and Rietbrock, 2004) with low topography, which prescribes a
prominent eastward deflection of the magmatic arc (Fig. 1). Neogene
kinematics of the forearc is controlled by extensional structures in the
upper crust of the outer forearc and the Coastal Cordillera (e.g. von
Huene and Ranero, 2003) and by contractional to strike-slip tectonics
in the Andes western flank monocline and Precordillera (Victor et al.,
2004). Reflection seismic studies (Sick et al., 2006) and analysis of
focal mechanisms of megathrust earthquake aftershocks (Schurr et al.,
2012) provide evidence that kinematics at depth may be contraction-
dominated throughout the forearc. As evidenced from the analysis of
InSAR data (Shirzaei et al., 2012), this contraction regime may involve
the upper forearc crust as well in certain stages of the megathrust
seismic cycle. Finally, the central part of the study area near the
symmetry axis of the Andes orocline at ∼20–21.5◦S (Gephart, 1994)
is closely linked to a zone of trench-parallel contraction of the entire
4

forearc crust (Allmendinger and González, 2010).
3. Data

3.1. Seismic station deployment history

While Northern Chile was the focus of several short-term temporary
deployments of seismic stations and regional triggered and telemetered
short-period networks in the 1990s and early 2000s (e.g. Comte et al.,
1999; Asch et al., 2006), modern permanent continuous broadband
monitoring began with the installation of the first stations of the IPOC
initiative in late 2006 (network CX; see GFZ and CNRS-INSU, 2006).
Since then, the number of permanent stations of the backbone network
has steadily increased (see http://ipoc-network.org), so that there is a
total of 28 broadband stations in the region today, some of them part
of the networks of the CSN (Centro Sismológico Nacional; Barrientos,
2018) and GEOFON. In addition to these permanent stations, several
temporary deployments were conducted in the past 15 years, many
of them in the wake of the two large megathrust earthquakes (the
𝑀𝑤 7.8 Tocopilla earthquake in November 2007 and the 𝑀𝑤 8.1
Iquique earthquake in April 2014). The configuration of the seismic
networks, which formed and form the base for all the research that
will be summarized in this article, is shown in Fig. 3. All of these data
are archived and freely available from GEOFON (https://geofon.gfz-
potsdam.de/waveform/archive/) or IRIS (https://www.iris.edu/hq/).

3.2. IPOC seismicity catalog

This article makes use of the IPOC seismicity catalog, an extension
of the previously published and analyzed catalog of Sippl et al. (2018).
While the previous version of the catalog covers the years 2007–2014,
the new IPOC catalog (freely available for download: see Acknowl-
edgments) contains 7 more years of data (2007–2021). It is compiled
in a semi-automated fashion, using a simple STA/LTA trigger (e.g.

Withers et al., 1998) for initial pick generation, more sophisticated

http://ipoc-network.org
https://geofon.gfz-potsdam.de/waveform/archive/
https://geofon.gfz-potsdam.de/waveform/archive/
https://geofon.gfz-potsdam.de/waveform/archive/
https://www.iris.edu/hq/
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Fig. 4. Classification of seismicity into different event classes. (a) In the updip part of the slab, distance from the slab surface model of Sippl et al. (2018) is used as a criterion
to differentiate between upper plate (UP; magenta) and plate interface (P1; blue) earthquakes, as well as events in the upper plane (P2; green) and lower plane (P3; red) of the
double seismic zone. (b) Example cross section (W-E at 21.75◦S) with the different event classes indicated by color.
pickers (MPX and spicker ; Di Stefano et al., 2006; Diehl et al., 2009) for
the determination of P- and S-arrivals, and eventually yields a double-
difference (Waldhauser and Ellsworth, 2000) relocated catalog with
location uncertainties <5 km inside the utilized network geometry.
Events with epicenters clearly outside the footprint of the station
network (Fig. 3) can have substantially larger location uncertainties.
The procedure of automated event detection, waveform picking and
hypocenter (re)location is described in detail in Sippl et al. (2018).
Although the here presented IPOC catalog is an extension of the Sippl
et al. (2018) catalog, there will be subtle location differences for most
events between the two catalogs. This is a consequence of the use of
relative relocation for all events, so that the addition of new events
also modifies the locations of previously existing ones.

Sippl et al. (2018) categorized events based on their hypocentral
depths and their location relative to the surface of the downgoing Nazca
Slab (Fig. 4). In the updip part of the slab, events in the upper plate
(UP), on the plate interface (P1) as well as the upper (P2) and lower
(P3) plane of intraslab earthquakes are distinguished based on their
distance from the slab surface model of Sippl et al. (2018), as shown in
Fig. 4a. Intraslab events further east and at deeper depths are referred
to as intermediate-depth seismicity (ID), whereas events outside the
other class definitions as well as far outside the seismic network are
given the class identifier NN (see Fig. 4b). In the present article, we
use the same classification scheme (details outlined in Table 1 of Sippl
et al., 2018) and colors, but modified it in two ways. Firstly, we now
require events that get classified as occurring within the upper plate
(class UP) to have hypocentral depths shallower than 60 km. This was
introduced to avoid mislabeling of some outlier intraslab events that
end up located too shallowly, significantly above the slab surface, in
the eastern part of the study area. Secondly, we defined an additional
class MI that contains mining-related seismicity. We mapped visible
mining locations in GoogleEarth (mining in Northern Chile occurs
predominantly with open pits, so locations are clearly visible in satellite
imagery), and defined all events that occur with less than 15 km
epicentral distance from a mapped mining location and a hypocentral
depth of less than 15 km as belonging to class MI. Fig. 5 shows location
plots of events from classes MI and UP, as well as histograms of event
origin times, which show that nearly all events thus defined to belong
to class MI occur during local daytime, most prominently between 10
am and 8 pm, which is a clear hint that they are related to human
activity. The much more even distribution of origin times of class UP
events throughout all 24 h of the day lends confidence that the vast
majority of these events has a tectonic origin.

The IPOC catalog 2007–2021 contains a total of 182,847 events,
the vast majority of which (129,312) occurred inside the downgoing
Nazca Plate (classes ID: 116,027; P2: 8103; P3: 5182). 15,162 events
5

were classified as having occurred on the plate interface, 30,371 events
in the upper plate (16,927 of which were classified as mining-related).
Magnitudes for the IPOC catalog were determined using the calibrated
approach of Münchmeyer et al. (2020). A summary of the spatial and
temporal distribution of seismicity contained in the IPOC catalog is
given in Fig. 6, and a series of W-E cross sections is shown in Fig. 7.
We will analyze different parts and event classes of the IPOC catalog in
greater detail in the following Sections.

4. The subduction megathrust

Megathrusts are the frictional contact between the two converging
plates in subduction zones. As the prefix implies, their dimensions are
huge, as they often measure thousands of kilometers in strike direction
and hundreds of kilometers in width. They produce the largest known
earthquakes. In Northern Chile, the megathrust measures ∼500 km
along-strike, first striking north and then curving westward, and ∼150
km in downdip direction, reaching depths of 60 km beneath the coastal
region. It has produced M > 8 earthquakes in the past as well as within
our observation period and constitutes the largest seismic hazard to
the region. In the following, we collect current knowledge about its
structure, properties, segmentation and recent significant earthquakes.

4.1. Historical megathrust earthquakes

Written historical records about past earthquakes in Northern Chile
unfortunately do not extend far into the past. Due to the extremely
arid and hostile environment, the region was very sparsely populated,
particularly in the coastal region, providing few historical sources
before the mid-19th century, when saltpeter mining caused a first boom
of settlement and activity. Before the 19th century, the Peruvian coast
to the north has longer and more complete historical records than
Northern Chile. In Fig. 1, we provide a summary of large earthquakes
on the Northern Chile megathrust from the two large earthquakes of
1868 and 1877 onwards, while we discuss less well-constrained but
significant earlier events in the following.

The earliest giant megathrust earthquake (𝑀𝑤 ∼ 9.5) that has left
traces along the Northern Chile margin was inferred to have occurred
∼3800 years ago based on archeological evidence and tsunami de-
posits (Salazar et al., 2022). This event may have caused an exceptional
social disruption of prehistoric hunter gatherer communities reflected
in archeological sites along the Chilean coast between 28◦S and 20◦S,
corroborated by littoral deposits. If its inferred extent is correct, this
rupture would have propagated across the Mejillones Peninsula, which
acted as barrier for more recent earthquakes (1877, 1995, 2007; see
below and Section 4.4.1) and is considered a possibly persistent rupture
barrier based on long-term uplift patterns (Victor et al., 2011). Except

for this one very early event, all evidence for historical earthquakes
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Fig. 5. Separation of shallow events into upper plate (UP) and mining-related (MI) classes. Colored dots are earthquake epicenters color-coded by hypocentral depth, inverted
red triangles mark the location of mining activity as determined from GoogleEarth imagery. (a) Map view plots of the different event classes as defined in the text. (left) All
events that fall into the upper plate categorization of Sippl et al. (2018). (center) with mining-related events (epicenter within 15 km distance from a mapped mining location;
hypocentral depth <15 km) removed. (right) events that were classified as mining-related. (b) Histograms of time-of-day (in Chilean local time) of earthquake occurrence within
the newly defined classes UP and MI. It is evident that MI events (upper subplot) occur exclusively during daytime, and most frequently between 10 am and 8 pm. UP events
(lower subplot), in contrast, are rather evenly distributed across all hours of the day. The slight peak around 1–2 pm that correlates with the maximum of the mining-related
activity may indicate that some few mining-related events are still contained in class UP.
postdates the arrival of the Spanish in the region. An earthquake that
was felt throughout the Tarapacá province and as far as southern Peru
in 1543 was estimated to have occurred between 19◦S and 20◦S (Greve,
1964; Comte and Pardo, 1991). Since no reports of a tsunami exist,
it may also have been a deeper intraplate event (Ruiz and Madariaga,
2018). Comte and Pardo (1991) assigned it a magnitude of 7.7 based on
macroseismic observations. In 1615, a strong earthquake affected the
city of Arica, now in northernmost Chile, and Tacna in southern Peru.
Its epicenter was estimated at 19.5◦S, 70.5◦W (Fig. 9) with a magnitude
of 7.9 based on intensity estimates (Comte and Pardo, 1991). Reports of
a tsunami likely make it an interplate event. Another event before 1768,
estimated at a magnitude of 7.7 (Comte and Pardo, 1991), destroyed
churches in the towns of Pica and Matilla (similar to, e.g., the 2005 𝑀𝑤
7.8 intermediate depth Tarapacá event; see Section 5). Like the 1543
earthquake, this event may also have been an intraplate event (Ruiz
and Madariaga, 2018). In the year 1871, an earthquake caused damage
in the city of Iquique, was felt from Copiapó to Lima, and apparently
caused a tsunami. An epicenter at 20.1◦S, 71.3◦W (Fig. 9) and a
magnitude between 7 and 7.5 were estimated (Comte and Pardo, 1991).

The earthquake of May 10th, 1877, was the first great earthquake
that was well documented to affect northern Chile, and the last event
to have ruptured the Northern Chile seismic gap. It occurred nine years
after the 1868 Arequipa earthquake (𝑀𝑤 8.5–8.8) that strongly affected
the Peruvian coast to the north (e.g. Lomnitz, 2004). A strong tsunami
was documented along the Chilean coast and across the Pacific. Comte
and Pardo (1991), based on isoseismal intensity estimates, suggest an
epicenter at 21◦S, 70.25◦W (Fig. 9), and a rupture length of 420 km
corresponding to a magnitude of 8.8. Vigny and Klein (2022), in this
issue, make a careful reappraisal of the historical sources used by Comte
and Pardo (1991) and Kausel (1986) and find that this suggested rup-
ture length was likely overestimated. They critically evaluated original
reports and tsunami run-ups, and conclude that the earthquake likely
only had an extent of 200–250 km based on the intensity-VIII macro-
seismic proxy and the impact of the tsunami. This downsized rupture
6

area (see Figs. 1 and 9) would lead to a magnitude of only 8.5 for
the slip deficit accumulated for a ∼150-year period, i.e. the proposed
recurrence interval of Northern Chile (Comte and Pardo, 1991). Its
magnitude may have been larger in case the actual recurrence interval
is longer, as could be supposed from the historical record outlined
above. If the conclusions of Vigny and Klein (2022) hold true, the 1877
event would have only ruptured the ‘‘Loa’’ segment of the Northern
Chile margin, which was defined using interplate locking models (see
Section 4.2). This would then probably also restrict the dimension of
the current seismic gap to this segment alone, which limits the expected
magnitude of the next megathrust earthquake (see Section 4.4.3).

4.2. Interplate locking models

Coupling or locking between the upper and lower plate during
convergence elastically squeezes and buckles the upper plate; the re-
sulting deformation can be measured with space geodetic methods
like GNSS or InSAR. GNSS campaigns in Northern Chile started in
the 1990s (Klotz et al., 1999, 2001; Ruegg et al., 1996), and sites
were regularly re-measured and densified over time, and later sup-
plemented by continuous GNSS instrumentation (Báez et al., 2018).
Spatial variations of measured onshore deformation can be inverted for
variations in interplate locking, making assumptions on plate interface
rheology and geometry. In Chile, the deepest part of the seismogenic
zone on the plate interface is below land, and the trench-coast distance
is comparatively small, i.e., only ∼100 km compared to e.g., ∼200 km
in Japan or Sumatra (Williamson and Newman, 2018). This allows
inversions of land-based GNSS data to reasonably well constrain the
locking state of at least the lower part of the megathrust. Interplate
locking is quantified as the ratio between the modeled backslip (Savage,
1983) on the megathrust and the secular convergence velocity, so that
a value of 1 implies complete locking, whereas a value of 0 stands for
a completely unlocked (i.e. freely slipping) megathrust. For Northern
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Fig. 6. Summary plot of the IPOC seismicity catalog, which contains 182,847 events throughout the years 2007 to 2021. The map view plot in the upper left shows epicenters
color-coded by hypocentral depths, the projections onto a single longitudinal and latitudinal plane as well as the plots of latitude, longitude and depth against time show logarithmic
event densities instead of single hypocenters.
Chile, numerous locking models have been created over the years
(see compilation in Fig. 8), mainly relying on similar multi-year GNSS
observations and some also adding InSAR line-of-sight interseismic
deformation maps.

The first simple model of interseismic locking in Northern and
Central Chile was obtained by Khazaradze and Klotz (2003) based on
GNSS campaign data from the 1990s. Their elastic dislocation models
required nearly full locking of the offshore megathrust. Shortly after,
a similar result was obtained in a study that employed additional
interseismic InSAR data from a single multi-year interferogram (Chlieh
et al., 2004), with which a tapering of locking in the deepest part of the
megathrust was constrained. This model was later updated, allowing
for along-strike and along-dip variations, and extended into Peru to
cover the entire Arica Bend (Chlieh et al., 2011). For Northern Chile,
the model inferred almost uniformly high locking (∼0.8) with a small
7

low-locking zone (LLZ) at the latitude of the city of Iquique (Fig. 8).
Lower locking values were retrieved north of 19◦S and around the Arica
Bend, constrained by GNSS data from Peru.

A whole line of locking models was created with the much denser
datasets of Métois et al. (2013, 2016), who used a total of 66 bench-
mark measurements acquired by various groups during different multi-
year GNSS campaigns from the 1990s to 2012, as well as an additional
28 continuous sites. Métois et al. (2013) assumed a plane megathrust
dipping at 20◦ and an elastic half space for inversion and tested a 2-
plate and a 3-plate model; the latter includes an Andean sliver, which
may move and deform independently. The 3-plate model reduces the
average coupling of the megathrust by 30% (∼0.5 average coupling
degree), which shows that estimates of seismic potential are strongly
dependent on such modeling assumptions. Both the raw GNSS data
and the resulting locking models show clear along-strike variation,
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Fig. 7. W-E cross sections through the IPOC catalog at different latitudes (noted in the different subplots), showing logarithmic event densities of a 100 km wide swath centered
on the nominal latitude. The shown profiles are identical in terms of placement and swath width to the ones shown in Sippl et al. (2018), but differ in the visualized catalog
(more events) as well as the type of visualization.
resulting in three strongly coupled segments (named Camarones, Loa,
and Paranal from north to south; Fig. 8) separated by narrow low-
locking barriers at Mejillones Peninsula and around 20.2◦S near Iquique
(Fig. 8). Schurr et al. (2014) adopted the data set of Métois et al. (2013)
but inverted with a more realistic slab model (Hayes et al., 2012)
and for a layered upper plate, applying a correction for Andean sliver
movement and shortening. Similar to Métois et al. (2013), three dis-
tinct high coupling regions are resolved north and south of Mejillones
Peninsula and north of Iquique. These are restricted by the coastline,
with tapering of the locking degree further inland. Li et al. (2015) took
GNSS data from Métois et al. (2013) and Kendrick et al. (2003) and
used viscoelastic Green’s functions calculated from a detailed 3D finite-
element model of the upper and lower plate. Schurr et al. (2020) used
the same modeling strategy and parameterization with an extended
data set (40 continuously recording sites, 71 survey-type sites). Both
resulting models show a similar segmentation as previous ones (Métois
et al., 2013, 2016), with a LLZ north of Mejillones and south of
Iquique. The model of Hoffmann et al. (2018) is purely elastic and
was implemented with a detailed 3D plate geometry and Andean sliver
motion. They inverted both campaign (51 sites) and continuous (50
sites) horizontal and vertical-component GNSS data. Their model shows
8

several highs and lows, as well as low coupling near the trench and
below the coast. The high-locking zone between Mejillones and 21◦S
present in all other models is here interrupted by a locking low near
Tocopilla.

A second group of locking models was obtained from inverting
InSAR data together with GNSS observations. Béjar-Pizarro et al. (2013)
stacked 18 Envisat interseismic interferograms covering the coastal
area north and south of the Mejillones Peninsula and used the vertical
signal from sparse continuous GNSS stations. InSAR line-of-sight (LOS)
displacement, which is subvertical, has a peak on land and paralleling
the coastline, thereby constraining the down-dip limit of strong locking
that is supposedly located there (Malatesta et al., 2021). The obtained
downdip boundary of locking was found to skirt around Mejillones
Peninsula, implying that frictional behavior on the megathrust influ-
ences coastal morphology. Jolivet et al. (2020) used seven years of
Envisat data to derive interseismic LOS velocity maps and, combined
with the GNSS data set of horizontal velocities of Métois et al. (2016),
inverted for locking with a Bayesian formalism. They obtained an
almost continuous, elongated, strongly locked region across Mejillones
Peninsula that terminates at ∼20.5◦S, keeping the region to the north
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Fig. 8. Overview of published maps of interplate locking plus their average for Northern Chile. Depending on their parameterization, locking models are either shown with blocks
of constant locking (Béjar-Pizarro et al., 2013; Métois et al., 2016) or as interpolated maps with contour lines every 0.2 units of locking degree (Chlieh et al., 2011; Schurr
et al., 2014; Li et al., 2015; Hoffmann et al., 2018; Schurr et al., 2020; Jolivet et al., 2020). Green lines show rupture contours of the 2014 Iquique earthquake and its largest
aftershock (in the north; after Schurr et al., 2014), the 2007 Tocopilla earthquake (center; after Schurr et al., 2012) and the 1995 Antofagasta earthquake (in the south; after
Ruegg et al., 1996). The upper left map shows residual gravity after Bassett and Watts (2015), and contains labels for the three highly locked segments of Métois et al. (2013)
(Paranal, Loa, Camarones). IB — Iquique Basin.
mostly unlocked except for an offshore patch near the Iquique earth-
quake rupture area. In this model, locking terminates sharply close
to the coastline, leaving the megathrust beneath the onshore region
largely unlocked. This feature is more or less common to all models
using InSAR data (Chlieh et al., 2011; Béjar-Pizarro et al., 2013; Jolivet
et al., 2020, Fig. 8) and stems from the observation of uplift along the
coast, which requires strong locking to terminate towards the shoreline
9

in elastic models. Horizontal shortening observations from GNSS are
less sensitive to this boundary.

Fig. 8 shows all discussed locking models plotted within the same
map and using the same color scale. They show significant differences,
showcasing that differences in data coverage, modeling strategy, pa-
rameterization, and regularization strongly impact the resulting locking
distributions. We calculated an average of those seven models that we
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Fig. 9. Left: Map of interplate seismicity superimposed on dimmed average locking structure (see Fig. 8). Epicenters of historical earthquakes (after Comte and Pardo, 1991) are
shown with diamonds, epicenters of instrumental earthquakes with blue stars (from ISC-GEM catalog; Storchak et al., 2013). The blue ellipse is the estimated rupture size of the
1877 earthquake (after Vigny and Klein, 2022). Green stars denote epicenters of major earthquakes from our catalog, and green contour lines show their 1 m slip contours. Right:
Time versus latitude for interplate seismicity. The aftershock series of the 2 major earthquakes covered by our catalog, the M7.8 2007 Tocopilla event and the M8.1 2014 Iquique
event with its M7.6 aftershock, are clearly visible. Circle size in both subfigures scales with rupture size, scaling for the right subplot is indicated in the bottom right corner.
could easily project onto a common grid (Métois et al., 2016; Chlieh
et al., 2011; Jolivet et al., 2020; Hoffmann et al., 2018; Schurr et al.,
2014, 2020; Li et al., 2015, Fig. 8). At first glance, most models show
a pattern of three locking highs, separated by lowly locked barriers at
Mejillones Peninsula and south of Iquique. This segmentation is also
retained by the average model, suggesting it to be a robust feature.
In addition, a subdued LLZ offshore Tocopilla appears to be traceable
in the average model. The tapering of locking towards the trench in
the average model is probably caused by increasing disparity between
individual models towards the trench due to increasing lack of res-
olution, and hence should not be trusted. The barrier at Mejillones
Pensinsula may be long-lived, consistent with historical earthquakes
(Fig. 1, Section 4.1) and regional morphology (Victor et al., 2011).
The LLZ south of Iquique may have acted as a barrier of the 1877
event (Vigny and Klein, 2022) and also limited the 2014 Iquique
earthquake to the south. Interestingly, this LLZ seems to have been
occupied by the 𝑀𝑤 7.6 Iquique aftershock (see Section 4.4.2), which
may, however, have actually ruptured in two clearly separated as-
perities up- and downdip (e.g. Jara et al., 2018), too small to be
resolved interseismically. As mentioned above, locking models derived
using InSAR data show an eastward termination of locking around the
coastline. An essentially uncoupled megathrust below the coastal region
(slab depth 40–55 km) is, however, incompatible with the occurrence
of large earthquakes at these depths (e.g. the 𝑀𝑤 7.8 2007 Tocopilla
event, see Section 4.4.1), as well as the observation of microseismicity
(Fig. 9) and lower plate compressional earthquakes (Bloch et al., 2018a;
Sippl et al., 2019, Fig. 15) there. We also plot the residual gravity
field (Fig. 8, upper left panel) from satellite altimetry (Bassett and
Watts, 2015) for the offshore region. The high locking zone of the
10
Loa segment apparent in most models as well as in the average is
co-located with a gravity high, and this correlation is particularly
clear for the locking high in the model of Jolivet et al. (2020). This
stands in contrast to global observations that asperities on megathrusts
tend to be associated with gravity lows (Wells et al., 2003; Song and
Simons, 2003), which was interpreted as indicating basal erosion of the
upper plate in response to locally high friction on these patches of the
megathrust (Wells et al., 2003). Maksymowicz et al. (2018) interpret
the gravity high in the Loa segment as due to high density rocks in
the upper plate, possibly related to a fossil volcanic arc (Bassett and
Watts, 2015). These structures may cause high normal stress on the
megathrust, which may cause locally higher friction. The asperity that
ruptured in the 2014 Iquique earthquake (see Section 4.4.2) shows up
as a locking high in all models, and this locking high is co-located with
a gravity low (Meng et al., 2015; Schurr et al., 2020; Storch et al.,
2023; González et al., 2023), the so-called Iquique Basin (Fig. 8), thus
conforming to the previously mentioned global trend. In conclusion,
there is widespread incongruence between published locking models
advising us to be careful when interpreting details in individual locking
maps. The observed variability may well be a consequence of the
non-uniqueness of data and inversion. However, the described major
segmentation appears to be robust.

4.3. Plate interface seismicity

Interplate seismicity, categorized as class P1 in our catalog, com-
prises thrust earthquakes that presumably occur on the megathrust
separating the oceanic Nazca Plate and the overlying continental South
American Plate. This seismicity population is clearly visible in cross
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sections as a sharply defined, thin, eastward dipping (∼20◦) layer
present throughout the coastal area and reaching depths >60 km east
of the coastline (Figs. 4 and 7). Westward, these events shallow in
hypocentral depth as well as dip angle (Fig. 7). Offshore, it becomes
increasingly hard to separate interplate events, upper plate events, and
the upper plane of the double seismic zone (DSZ) inside the Nazca
Plate (Sippl et al., 2018), which is due to decreasing location accuracy
away from the land-based seismic stations. Where catalog resolution
is good, event populations P1 and P2 (i.e. interplate and DSZ upper
plane) are quite clearly separated (Figs. 4 and 7), whereas it is hard
to distinguish the deepest interplate events from upper plate events in
the region between 20.5◦S and 21.5◦S, where a cluster of deep upper
plate events is observed (see Section 7). There, categorization may not
always be unique.

Interplate events are strongly clustered both in space and in time
(Fig. 9). A significant part of them are aftershocks of the two ma-
jor megathrust ruptures in 2007 (M7.8 Tocopilla earthquake; Sec-
tion 4.4.1) and 2014 (M8.1 Iquique earthquake; Section 4.4.2). Inter-
plate earthquakes map out the seismogenic part of the plate interface,
and provide important information for understanding the state and
behavior of the megathrust. The complete absence of seismicity in
parts of the megathrust is also meaningful, as it may signify either the
predominance of aseismic deformation (creeping sections) or complete
interseismic locking. We observe that background interplate seismicity
mainly occurs in a swath along the coastline north of Mejillones Penin-
sula, at depths corresponding to the deeper half of the plate interface.
In the region where the 2014 Iquique earthquake occurred, seismicity
reaches further offshore, which coincides with where the trench starts
to curve westward and the trench-coastline distance increases.

When analyzing the distribution of magnitudes in a seismicity pop-
ulation, the most commonly used parameter is the b-value, which
is the slope of the magnitude-frequency distribution. High b-values
(b > ∼1) indicate that low-magnitude events are more frequent and
high-magnitude events less frequent than usual, low b-values the op-
posite. Interplate seismicity in Northern Chile features rather low b-
values clearly below 1 (∼0.6–0.8; Legrand et al., 2012; Sippl et al.,
2019; Poulos et al., 2019), which is in line with global findings along
megathrusts (Bilek and Lay, 2018). In the region of the Iquique earth-
quake, temporal variations of the b-value were detected prior to the
main shock (Schurr et al., 2014, Section 4.4.2). Moreover, interplate
earthquakes in the Iquique region feature relatively low stress drop
values (median of 4.4 MPa; Folesky et al., 2021) as well as rupture
directivities that are predominantly oriented eastwards, i.e. in downdip
direction (Folesky et al., 2018a,b).

Along-strike, background seismicity shows two lulls at 23◦S (Mejil-
lones Peninsula) and 21◦S (Fig. 10), with the strongest maximum
in-between those two. This region of high background activity was
partly broken by the 2007 Tocopilla earthquake (Section 4.4.1). The
lull at 21◦S corresponds to a region of high oceanic plate lower plane
seismicity (P3; Fig. 25). There is a conspicuous complete lack of in-
terplate seismicity offshore and updip of the coastal seismicity swath
between latitudes ∼21◦S and Mejillones Peninsula. This region has
not broken since 1877 and forms a significant seismic gap capable of
producing a great earthquake (e.g. Métois et al., 2013; Schurr et al.,
2014; Hayes et al., 2014; Vigny and Klein, 2022). Interplate seismicity
is also largely absent directly north of the Iquique earthquake’s rupture
area (Fig. 6), where even the aftershocks of the Iquique earthquake
terminate abruptly (Soto et al., 2019) despite the presence of significant
afterslip in this region (Hoffmann et al., 2018; Shrivastava et al., 2019).

Fig. 10 shows swath profiles through the locking models from Fig. 8
parallel to the coast for the deeper part of the megathrust, where their
resolution should be best and where most microseismicity is observed.
In this representation, the correlation between the different locking
model profiles is rather poor, confirming our conclusions from the
previous Section. We compare the different along-strike variations of in-
11

terplate locking with background seismicity, separated from aftershocks
by a declustering algorithm (Hainzl et al., 2019), as well as residual
gravity. Background seismicity is highest along the Loa segment, just
north of Mejillones Peninsula, where most models show strong locking.
This is the region updip of the 2007 Tocopilla rupture, which still
constitutes a significant seismic gap that has accumulated strain since
1877. Increased background seismicity at the downdip side of asperities
has been observed in other places along the Chilean margin (Schurr
et al., 2020; Sippl et al., 2021) and may be an indicator for stress
buildup along the downdip termination of a mature asperity.

4.4. Significant instrumental megathrust earthquakes

The ISC-GEM catalog (Storchak et al., 2013) lists seven M7+ earth-
quakes between 1928 and 2006 (Fig. 1) in our study area. They cluster
in the Iquique and Mejillones regions and, as the entire background
seismicity within the following years, skirt the seismic gap of the Loa
segment. The largest of these events, with a moment magnitude of
7.4 (Malgrange and Madariaga, 1983) occurred in December 1967
north of Tocopilla (Fig. 1). It had a shallow thrust mechanism and a
depth >40 km constrained well by waveform modeling (Malgrange and
Madariaga, 1983). It hence presumably occurred on the deepest part
of the megathrust, similar to the 2007 Tocopilla earthquake slightly to
the south (next Section).

4.4.1. The 2007 𝑀𝑤 7.8 Tocopilla earthquake
The 2007 Tocopilla earthquake was the largest earthquake in the

northern Chile gap since more than a century and very well recorded
by the then newly installed IPOC network. It occurred mostly below
land on the deepest part of the seismogenic megathrust, and its sur-
face deformation pattern was clearly recorded by radar satellite data.
Together, seismic and geodetic data led to well-constrained source
models. The rupture was confined to an approximately 130 × 75 km
wath covering a depth range between 30 and 55 km that roughly
arallels the coastline (Fig. 11; Delouis et al., 2009; Béjar-Pizarro et al.,
010; Motagh et al., 2010; Peyrat et al., 2010; Loveless et al., 2010;
churr et al., 2012). The slip distribution shows two patches, with one
ear the hypocenter and one further south (Fig. 11). Maximum slip
as about 2–3 m on the southern patch. The two patches ruptured

onsecutively, separated by ∼20 s (Peyrat et al., 2010; Delouis et al.,
009). The earthquake terminated in the south, beneath the center of
ejillones Peninsula.

Early aftershocks clustered in and around the northern slip patch,
pdip of the southern slip patch and around the outline of Mejillones
eninsula (Schurr et al., 2012). Some of the aftershocks offshore Mejil-
ones clearly occurred inside the upper plate (Motagh et al., 2010;
churr et al., 2012), and some few of the shallowest ones had exten-
ional source mechanisms (Schurr et al., 2012). Fuenzalida et al. (2013)
sed data from a dense temporary network, installed shortly after the
ainshock, to derive very well constrained aftershock hypocenters.
hose sharply image the megathrust with a thickness of only about
km. Cross sections through the aftershocks indicate a splay fault

ffshore and a slight kink in the slab. A small amount of afterslip
as detected beneath and offshore Mejillones Peninsula (Fig. 11; Béjar-
izarro et al., 2010), where two early aftershocks with 𝑀𝑤 > 6 were
ocated (Schurr et al., 2012). On Dec 16, 2007, a 𝑀𝑤 6.8 aftershock oc-

curred directly beneath the southern slip maximum (Fig. 11), at about
46 km depth. In contrast to other aftershocks, which had locations
and focal mechanisms consistent with slip along the plate interface,
the so-called Michilla event occurred inside the downgoing slab along
a near-vertical plane extending from the plate interface to about 10
km into the Nazca Plate (Fig. 11; Fuenzalida et al., 2013). Its slab-
push mechanism was possibly facilitated by Coulomb stress increase
due to the mainshock rupture (Peyrat et al., 2010). The Michilla event
started an anomalously productive aftershock sequence (Figs. 11 and
18) still active years later (Pasten-Araya et al., 2018) and even today

(this catalog).
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Fig. 10. (a) Background seismicity (blue circles) from our catalog, plotted together with slip contours of the Iquique, Tocopilla and Antofagasta earthquakes. The swath width
used for the profiles in (b) is indicated along the coast. (b) Swath profiles across the different locking models, residual gravity and normalized background event density.
The 2007 Tocopilla earthquake occurred just north of Mejillones
Peninsula, a prominent morphological feature along the Northern Chile
coast (Fig. 1), which was also the rupture limit of the 1995 𝑀𝑤 8.1
Antofagasta earthquake to the south (Fig. 11; Ruegg et al., 1996;
Klotz et al., 1999; Chlieh et al., 2004). Juxtaposing the slip distri-
bution and aftershock sequences of both earthquakes reveals a con-
spicuous symmetry. Both aftershock seismicity and slip abut in the
center of Mejillones Peninsula but do not overlap (Fig. 11). Events
instead seem to skirt around Mejillones Peninsula, leaving its center
relatively quiet (Schurr et al., 2012). This agrees with the observation
by Béjar-Pizarro et al. (2013) that locking likewise skirts the peninsula,
which implies that the megathrust immediately beneath Mejillones
Peninsula moves predominantly aseismically and hence forms a barrier
to rupture. Strong aseismic afterslip beneath the peninsula following
the Antofagasta earthquake (Fig. 11; Pritchard and Simons, 2006) and
the general absence of interplate earthquakes in our catalog for this
region (Fig. 9) corroborate this inference. The Tocopilla earthquake
also has interesting implications for the along-dip segmentation of the
plate interface. It only ruptured the deeper part of the seismogenic
megathrust, and neither afterslip nor aftershocks penetrated to the
shallower, strongly locked megathrust north of Mejillones. Similar
earthquakes of 7 < M < 8 have been observed just north of the Tocopilla
rupture area in 1967 (see above) and south of Mejillones Peninsula in
1987 and 1998 (e.g. Ihmlé and Ruegg, 1997; Pritchard et al., 2006),
and other examples along the entire Chilean and Peruvian margin
can be found (e.g. Pritchard et al., 2007; Bravo et al., 2019; Moreno
et al., 2018). Different explanations for this along-dip segmentation
12
of the megathrust have been suggested. Several studies (Contreras-
Reyes et al., 2012; Béjar-Pizarro et al., 2010; Fuenzalida et al., 2013)
propose a kink in the downgoing slab that could have acted as an
along-dip geometric barrier to seismic rupture. Contreras-Reyes et al.
(2012) infer such a kink at about 20 km depth when trying to reconcile
active refraction seismic data from an amphibious experiment with
hypocenters of Tocopilla earthquake aftershocks, and link its presence
to the creation of the coastal scarp directly above (this notion was first
proposed by Armijo and Thiele, 1990). The kink identified by Fuen-
zalida et al. (2013), however, is located 10 km deeper and features
a more steeply dipping shallow segment (18◦ rather than 10◦). Since
the depths of aftershock hypocenters, especially offshore, are highly
dependent on the utilized velocity model (Fuenzalida et al., 2013), it is
not completely clear whether such a kink actually exists offshore along
the Loa segment. It is certainly not an ubiquitous feature along the
entire Chilean margin (counter-examples include Oncken et al., 2003;
Storch et al., 2021), thus cannot explain the more general dichotomy of
megathrust earthquakes in Chile. Several authors have argued that the
observed duality between shallow large earthquakes and deeper, some-
what smaller events like Tocopilla is due to a frictional segmentation of
the megathrust (e.g. Schurr et al., 2012; Moreno et al., 2018). Following
this argumentation, events along the deeper portion of the megathrust
would occur in a transitional segment that may be only partially locked
in the interseismic time period.

4.4.2. The 2014 𝑀𝑤 8.1 Iquique earthquake
On 1 April 2014, a 𝑀𝑤 8.1 thrust earthquake ruptured the cen-

tral part of the Northern Chile seismic gap. Considering its size, the
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Fig. 11. Slip and aftershocks of the M8.1 1995 Antofagasta and M7.8 2007 Tocopilla earthquakes. Green circles are relocated aftershocks of the Antofagasta event (Nippress and
ietbrock, 2007); red circles are from our new catalog (6 months of data from 1/11/2007 to 1/5/2008). Slip and net aseismic afterslip of the Antofagasta event are from Chlieh
t al. (2004), afterslip for the Tocopilla event from Béjar-Pizarro et al. (2010). The slip values indicated in the boxes are in meters. The epicenters of the main shocks are shown
s stars. Three previous events with M > 7 are also plotted (Malgrange and Madariaga, 1983; Pritchard et al., 2006). Blue beachballs correspond to the Dec. 16 2007 Michilla
ftershock that broke the lower plate.
vent caused relatively little damage and only few fatalities. A 2.1 m
sunami hit the nearby coast ∼20 min after the earthquake. The event

occurred just north of a lowly locked zone, and in or near a region
of relatively high locking in most locking models (Section 4.2, Fig. 8).
According to Vigny and Klein (2022), this location would be north of
the 1877 rupture region and, if true, possibly repeating an event from
1871 (Section 4.1). The mainshock was preceded by a two-week long
foreshock sequence with several M6+ events, likely accompanied by
aseismic transients, and followed by an intense aftershock sequence
13
including an 𝑀𝑤 7.6 event that extended the rupture region south-
wards. The earthquake sequence was well recorded by seismic and
geodetic networks in place, making it one of the best studied subduction
earthquakes worldwide. The long-term observation by both seismic and
geodetic instruments allows analyzing stress build-up and deformation
over weeks, months and years leading up to the event. In the following,
we describe the observations and analysis for the interseismic phase
(years to months before the event), the two-week foreshock sequence,
the co-seismic rupture, as well as the post-seismic period.
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Interseismic phase
The Iquique earthquake occurred in a region of relatively high back-

ground seismicity in the Northern Chile seismic gap. In the seven years
before the mainshock, excluding the immediate foreshock sequence,
it activated an arc-like structure around the eastern, down-dip side of
the future rupture zone (Figs. 12 and 27), including three M6+ events
in 2008 and 2009 (Schurr et al., 2020), and M5+ events in August
2013 and January 2014 (Schurr et al., 2014). Since approximately
2011, the b-value, which is sensitive to stress, decreased significantly
from 0.75 to below 0.6 in the source region, indicative of a stress
increase (Schurr et al., 2014). Repeating earthquakes embedded on the
down-dip side of the asperity were regularly active over 6 years with
no sign of acceleration (Fig. 12d; Schurr et al., 2020). Starting in July
2013, an event swarm became active (Aden-Antóniow et al., 2020) on
the southern updip limit of mainshock slip, including several repeating
earthquake sequences (Fig. 12c; Kato et al., 2016; Schurr et al., 2020).
The same cluster had been intermittently active in the years before.
In January and February 2014, clusters both at the northern and
southern edge of the future mainshock and near the M7.6 aftershock
got initiated (Fig. 12; Kato and Nakagawa, 2014; Kato et al., 2016;
Schurr et al., 2020). The repeating earthquakes indicate less than 2 cm
of accumulated aseismic slip for both episodes (Kato et al., 2016).
Events during this period were deficient in high frequency radiation
compared to earlier ones, indicating smaller stress drops or slower
ruptures (Socquet et al., 2017; Piña-Valdés et al., 2018). Concurrently,
westward displacement of nearby coastal continuous GNSS stations
accelerated by up to 2 mm/a (Socquet et al., 2017). Inverting the
velocity anomaly for slip on the plate interface yielded up to 1 cm
of dominantly aseismic slip, mostly concentrated in a patch south of
the mainshock asperity (Fig. 12c; Socquet et al., 2017). The Iquique
sequence was also recorded by an extremely sensitive long-baseline
tiltmeter located near the coast slightly south of the mainshock rupture.
After an interruption, recording restarted in December 2013 (Boudin
et al., 2022). It showed several episodes of accelerated tilt in the months
before the Iquique main event. Tilt is much more sensitive to the dis-
tance to the source than GNSS displacement and hence, in combination
with GNSS data, constrains its location better. Boudin et al. (2022)
also carefully reprocessed continuous GNSS data and analyzed them
together with tilt data to reassess location and amplitude of possible
precursory aseismic slip. They located it south of the mainshock rupture
in the gap between the two asperities of the 𝑀𝑤 7.6 aftershock, mostly
constrained by the tilt data. Aseismic magnitudes of 𝑀𝑤 ∼ 6 for the
ifferent episodes are retrieved (Boudin et al., 2022).

In summary, there are clear observations of transient deformation
easured both with GNSS displacement and tilt in summer 2013 and

arly 2014, partly accompanied by the activation of earthquake clusters
ncluding repeaters. The observed deformation cannot be explained by
he earthquakes alone and must be caused by a significant component
f aseismic slip (Boudin et al., 2022). Similar observations of precursory
seismic slip, years or possibly even decades before the megathrust
arthquake, were made for the time interval preceding the 2011 𝑀𝑤

9.0 Tohoku-Oki earthquake in Japan (Ozawa et al., 2012; Mavrommatis
et al., 2014; Yokota and Koketsu, 2015) and have been proposed to
occur for large megathrust earthquakes globally (Igarashi and Kato,
2021). However, robust observations of such processes are scarce,
and the Iquique earthquake is one of very few examples where such
results have been obtained. However, also here there are still significant
discrepancies between different studies concerning the location and
amplitude of aseismic slip. We have to keep in mind that the observed
deformations with magnitudes of ∼1 mm/d are at the verge of the
achievable resolution, and observations are quite sparse, leaving their
sources poorly defined. To resolve such signals better, more sites with
14

both continuous GNSS and tiltmeters would be necessary.
The 16 March foreshock sequence and deformation transient
The foreshock sequence proper set off with a 𝑀𝑤 6.7 event on 16

March 2014, two weeks before the mainshock (Fig. 12). The epicenter
of this event was located just up-dip of the zone of highest mainshock
slip. It had a thrust mechanism striking at a high angle to the trench,
significantly different from the low-angle thrusts typical for interplate
events in northern Chile, which have their slip vectors aligned to the
direction of plate convergence. It occurred above the megathrust in
the upper plate (Ruiz et al., 2014; Hayes et al., 2014; Schurr et al.,
2014, 2020), possibly on a continuation of similarly striking faults on-
shore (González et al., 2015). Within a few hours after this earthquake,
another 𝑀𝑤 6.3 event broke at ∼5 km epicentral distance to the north,
but with a deeper depth and a mechanism compatible with interplate
motion on the megathrust (Fig. 12a,b; Schurr et al., 2020). Over the
following days, a cloud of events formed above the plate interface near
the 16/03/2014 foreshock hypocenter, whereas seismicity on the plate
interface spread north, including two more events of 𝑀𝑤 > 6 with low
angle thrust mechanisms (Fig. 12b). The final foreshock stage included
a NW-striking linear cluster of events that represents reactivation of an
earlier cluster. The mainshock rupture initiated at the edge of this clus-
ter. Together, the multi-year background seismicity, which skirted the
downdip margin of the asperity, and the two-week foreshock sequence,
which outlined the updip margin of the asperity, formed a ring around
the mainshock rupture, a so-called Mogi Doughnut (Fig. 12a; Schurr
et al., 2020). The northward event propagation included numerous re-
peating event sequences (Kato and Nakagawa, 2014; Kato et al., 2016;
Meng et al., 2015; Schurr et al., 2020). Compared to other observations
of foreshock sequences preceding large megathrust earthquakes, which
have occasionally also shown a clear directional propagation (e.g. Kato
et al., 2012), the Iquique earthquake foreshock sequence appears rather
prominent in terms of duration and moment release.

The foreshock sequence was accompanied by a clear displacement
transient of several mm during the two weeks picked up by the coastal
GNSS stations. There was some debate about whether this deforma-
tion could be explained by accumulated coseismic deformation due to
the foreshocks (Schurr et al., 2014) or whether it requires aseismic
slip (Ruiz et al., 2014). Ruiz et al. (2014) corrected the displacement
time series only for the effect of the largest foreshock, but not for the
other multiple M6+ and M5+ events. Bedford et al. (2015) graphed
displacement vs. time against coseismic predictions including uncer-
tainties in source location, mechanism and medium parameters, and
found that the final GNSS displacements are within the uncertainty
bounds of the coseismic predictions but that two episodes in which
the trajectory clearly deviates from predictions may point, nonetheless,
to some aseismic slip periods. In contrast, both Socquet et al. (2017)
and Herman et al. (2016) found that coseismic displacement predic-
tions are significantly smaller than observations. This debate has not
reached a concensus to this date, as illustrated by two recent studies.
On the one hand, Boudin et al. (2022) carefully reprocessed GNSS data
for the entire preseismic period and found only small deviations from
coseismic predictions, accounting only for a relatively small contribu-
tion from an aseismic source. Based on GNSS and tiltmeter data, they
placed the aseismic source south of the main rupture, closely to where
aseismic slip may have occurred in the months before. Location and
magnitude of aseismic slip predicted by Ruiz et al. (2014), Herman
et al. (2016), and Socquet et al. (2017) could not be reconciled with
their data. On the other hand, Twardzik et al. (2022) concluded based
on Bayesian inference that aseismic slip should have accounted for
∼80% of the displacement for this time interval, and found that this
aseismic slip initiated before the start of the foreshock sequence proper.
Their aseismic slip patch is located offshore, in direct vicinity of where
the 𝑀𝑤 6.7 foreshock of March 16 occurred.

Further indication for aseismic slip comes from multiple repeater
sequences embedded in the propagating foreshock seismicity (Fig. 12a
Kato and Nakagawa, 2014; Kato et al., 2016; Meng et al., 2015;

Schurr et al., 2020). Repeating earthquakes are commonly interpreted



Journal of South American Earth Sciences 126 (2023) 104326

15

C. Sippl et al.

Fig. 12. (a) Overview map of inter-, pre-, co-, and post-seismic phenomena accompanying the April 1 2014 M8.1 Iquique earthquake. Green circles and beachballs depict events
before the March 16, 2014 foreshock, red circles and beachballs depict foreshocks after March 16, 2014, the orange beachball shows the first and largest foreshock in the upper
plate. Black contours are 2 m of mainshock slip (black beachball); purple contours are 0.5 m slip of the largest M7.6 aftershock on April 3, 2014 (Duputel et al., 2015). Stars depict
earthquake repeater sequences (Schurr et al., 2020) in the inter-seismic (green) and pre-seismic (red) periods. Symbol size is scaled by number of repeaters per sequence (2–7).
Symbol filling allows to identify clusters in (d). Red ellipse outlines the aseismic slip region accompanying the foreshock sequence, as suggested by several studies (Socquet et al.,
2017; Kato et al., 2016; Meng et al., 2015; Ruiz et al., 2014; Twardzik et al., 2022). Light green contours outline 5 mm preseismic (8 months prior to mainshock) slip (Socquet
et al., 2017), blue contours outline 60/80 cm postseismic slip (Hoffmann et al., 2018). The green ellipse shows the suggested 2-month slow slip by Boudin et al. (2022), and
the dark red ellipse the suggested 2-week slow slip by the same authors from tilt and GNSS. (b) Time vs. latitude for the two-week foreshock sequence. Black arrow indicates
the observed northward propagation of the sequence. Background arrows indicate accompanying aseismic slip. (c) multi-month aseismic slip precursor according to Socquet et al.
(2017) and Boudin et al. (2022), also showing earthquake and repeater clusters that may have set off the transients. (d) Multi-year time versus latitude plot showing earthquake
repeater clusters. The filling of the stars is the same as in the map view plot (subfigure a).
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as recurrent small asperity failures driven by surrounding aseismic
slip (e.g. Nadeau and Johnson, 1998). Accumulative aseismic slip up
to 30 cm (Kato et al., 2016; Meng et al., 2015) was calculated based
on repeater magnitudes and scaling relations, amounting to a moment
magnitude 𝑀𝑤 ∼ 6.7. This is similar to estimates deduced from GNSS
ata by Socquet et al. (2017), which even reached a magnitude ∼7.

This contradicts the findings of Boudin et al. (2022), that allow only
little aseismic slip (accumulated 𝑀𝑤 < 6.5) within the foreshock region
to agree with the residual GNSS displacements.

In summary, there is some indication of aseismic slip accompanying
the foreshock sequence from both GNSS transients and earthquake
repeaters, but individual studies disagree on location and magnitude of
this slip. Although the preseismic period has been comparatively well
recorded by both seismometers and GNSS receivers, denser and possibly
more sensitive observations would be needed to unequivocally untangle
seismic and aseismic processes. Besides triggering of the main shock by
an aseismic transient, it is also possible that the foreshocks triggered
the mainshock as a cascading sequence, where each event successively
triggered the next. This was tested by Herman et al. (2016), who found
that each of the largest foreshocks, as well as the hypocenter of the
mainshock, took place in an area of increased Coulomb failure stress,
indicating that the propagating events consecutively pushed each other
closer to failure. González et al. (2015) argued that the 16 March
upper plate foreshock reduced normal stress and hence unclamped the
megathrust, possibly also facilitating rupture.

The 1 April 𝑀𝑤 8.1 mainshock
The 2014 𝑀𝑤 8.1 Iquique earthquake broke the mostly aseismic

‘‘hole’’ of the Mogi doughnut that was left behind by the background
seismicity and foreshock series (Fig. 12a; Schurr et al., 2020). Published
models for the cumulative slip during the mainshock generally agree on
a single main slip patch south and downdip of the epicenter, but differ
in size and amplitude (peak slip from 4.5 m to >10 m) depending on the
choice and weighting of the different data sets (e.g., InSAR, high-rate
and static GNSS, teleseismic and nearfield seismic, tsunami), as well
as the parameterization and regularization of the inversion (Fig. 13;
Yagi et al., 2014; Ruiz et al., 2014; Lay et al., 2014; Schurr et al.,
2014; Gusman et al., 2015; Bai et al., 2014; Duputel et al., 2015; Liu
and Zhou, 2015; Jara et al., 2018; Boudin et al., 2022). Only Jara
et al. (2018) imaged a second separate asperity further downdip near
the coastline. Accordingly, stress drop estimates differ considerably,
with resulting values of ∼2.6 MPa from a teleseismic and tsunami
inversion (Lay et al., 2014), 3 MPa from teleseismic, strong-motion and
geodetic data (Liu and Zhou, 2015), 7.8 MPa from strong-motion and
GNSS (Jara et al., 2018), 10 MPa using strong-motion, geodetic and
tsunami data in a Bayesian inversion (Duputel et al., 2015) and 20 MPa
from spectral ratios (Frankel, 2022). Both kinematic inversion (Schurr
et al., 2014; Lay et al., 2014; Duputel et al., 2015) and high-frequency
backprojection (Schurr et al., 2014; Lay et al., 2014; Meng et al., 2015)
image a rupture propagation down-dip towards the SE. The rupture
started slowly, with little moment release during the first 20 s (e.g.
Schurr et al., 2014; Duputel et al., 2015; Liu and Zhou, 2015; Jara et al.,
2018) until the main asperity was reached. The entire rupture lasted
for more than a minute. Backprojection indicates a complex kinematic
pattern towards the end of the rupture, including a reactivation of
the epicentral region (Schurr et al., 2014; Meng et al., 2015). Models
employing tsunami data (An et al., 2014; Lay et al., 2014; Gusman
et al., 2015; Bai et al., 2014; Duputel et al., 2015), which have the
best resolution offshore, indicate that the rupture did not extend into
the shallowest part of the megathrust. The updip termination of the
rupture may have been preconditioned by the nature of the overlying
upper plate wedge. Ma et al. (2022) reprocessed seismic reflection lines
acquired offshore years before the Iquique earthquake, and found high
reflectivity in the updip part of the megathrust as well as laterally
beyond the rupture. In the region of the main shock rupture, in contrast,
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reflectivity was observed to be low to moderate. The observed high
reflectivity in the shallowest part of the megathrust is probably caused
by high fluid pressure, fostering stable slip and hence limiting the
extent of the earthquake. Alternatively, it was also proposed that along-
dip variations in slab topography may have prescribed the extent of the
main shock rupture, with an extended topographic low coinciding with
the rupture extent, whereas a topographic high directly updip may have
inhibited rupture towards the trench (Storch et al., 2023). In along-
strike direction, maps of interplate locking (Fig. 8) appear to prescribe
the extent of the Iquique rupture. Both to the north of the main shock as
well as south of it, regions of rather low locking that may act as rupture
barriers have been obtained, although the April 3 aftershock (𝑀𝑤 7.6)
apparently ruptured inside the lowly locked region to the south of the
main shock (Fig. 12a). Geersen et al. (2015) also found evidence for
seamounts in time-migrated seismic reflection data along the updip
and southern limits of main shock slip, suggesting that downgoing
plate structure may have limited the rupture extent. However, this was
challenged by Storch et al. (2021) who argue that the topographic high
of reflectivity along the plate interface vanishes after depth migration
and may therefore be caused by the medium velocity structure. Never-
theless, the presence of the Iquique Basin, a prominent depocenter in
the marine forearc (Coulbourn, 1981; Reginato et al., 2020; González
et al., 2023, see gravity map in Fig. 8) appears to correlate with the
extent of both the mainshock rupture and the locking high. A long-
wavelength along-strike undulation of slab surface topography (Storch
et al., 2023; Schaller et al., 2015) was suggested to underlie the Iquique
Basin.

The postseismic period
On 3 April, three days into the postseismic period, a 𝑀𝑤 7.6

aftershock occurred about 100 km to the south of the mainshock
epicenter. It started from a relatively shallow hypocenter and propa-
gated downdip. The rupture shows two clearly separated asperities, the
deeper one below the coast (Schurr et al., 2014; Duputel et al., 2015;
Liu and Zhou, 2015; Jara et al., 2018; Boudin et al., 2022). The second
largest aftershock with 𝑀𝑤 6.6 occurred only ∼2.5 min after and within
the coda of the mainshock, and was located approximately between
mainshock and 𝑀𝑤 7.6 aftershock (Bindi et al., 2014). Soto et al. (2019)
studied the aftershock sequence in detail, and found that aftershocks
concentrated mainly in two bands updip and downdip of the main
asperity. The updip region is clearly separated from the trench (by
about 30 km; Petersen et al., 2021) and contains conspicuous west-
trending streaks (visible in Fig. 6), which include embedded earthquake
repeaters. These streaks, however, were not found by an OBS survey
eight months after the mainshock (Petersen et al., 2021), which could
either imply that they are a location artifact due to unfavorable event-
station geometry, or that their activity was limited to the early part
of the aftershock sequence. The updip limit of both coseismic rupture
and the occurrence of aftershocks is probably limited by the onset of
the frontal prism, which is characterized by low velocities in active
and passive seismic studies (Petersen et al., 2021; Storch et al., 2021;
Reginato et al., 2020; Maksymowicz et al., 2018). The lower band of
aftershocks shows strong upper plate activation, with some extensional
faulting (Cesca et al., 2016), indicating splay faulting (Soto et al.,
2019) and significant megathrust topography. These aftershocks reach
depths up to 60 km below land. Apart from the onset of extensional
faulting, there is no significant change in the stress regime between
the pre-seismic and post-seismic periods (Cesca et al., 2016). Postseis-
mic stress heterogeneity, however, is indicated by strongly clustered
and patchy seismicity (Soto et al., 2019) and a larger heterogeneity
of source mechanisms (Cesca et al., 2016; León-Ríos et al., 2016).
Postseismic slip has been obtained by inverting continuous GNSS data,
showing a concentration of afterslip in two lobes north and south
of the main asperity (Fig. 12a; Hoffmann et al., 2018; Shrivastava
et al., 2019). The northern lobe is almost completely aseismic, indi-

cating that the megathrust here has velocity-strengthening frictional
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Fig. 13. Published slip models for the 2014 𝑀𝑤 8.1 Iquique mainshock. 1 m slip contour lines are drawn in green.
properties, in accordance with most locking models (Fig. 8). The south-
ern lobe overlaps with the 𝑀𝑤 7.6 aftershock rupture and is mostly
surrounded by aftershock seismicity clusters, indicating heterogeneous
frictional properties. Postseismic westward GNSS displacement is sep-
arated from interseismic eastward displacements across an apparently
sharp boundary at ∼21◦S (Hoffmann et al., 2018).

4.4.3. The remaining seismic potential
It is clear that the two most recent large earthquakes around the

Arica Bend, the 2001 𝑀𝑤 8.5 Arequipa event in southern Peru (Ruegg
et al., 2001; Perfettini et al., 2005) and the 𝑀𝑤 8.1 Iquique event in
northern Chile, did not close the gap left behind by the great 1868
and 1877 events (Fig. 1). Large sections north and south of the Iquique
rupture remain unbroken. The gap north of the Iquique event is quite
elusive. Practically all locking models (Fig. 8) show low locking there,
but this may be an artefact due to the westward curvature of the trench
here, which makes its distance to the coast increase, causing a dete-
rioration of observational conditions. Likewise, the national boundary
to Peru limits both the seismic and geodetic networks. Seismicity on
the megathrust is low in this region, and at least immediately north
of the Iquique rupture well enough resolved to be trustworthy. The
coincidence of postseimic slip and the lack of aftershocks are strong
hints that this section creeps aseismically and hence may form a barrier
to seismic rupture. However, its northward extent and the behavior
across the border to Peru is unclear. Only combining measurements
from Chile and Peru can eventually cast more light on this region in
the future.

The area south of the Iquique ruptures, all the way to Mejillones
Peninsula, is clearly imaged as a strongly locked patch in all locking
models (Fig. 8). It is now framed by recent large earthquakes on all
sides, including its downdip part. The upper part of the megathrust
there is seismically completely quiet, whereas the lower part shows
the strongest background seismicity in our catalog. Concentrations of
seismicity outlining locked asperities at depth have been observed for
the Iquique event (Schurr et al., 2020) and in central Chile (Sippl
et al., 2021), and may hint at stress build-up in the late interseismic
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period. The gap south of the Iquique ruptures probably coincides with
the rupture of the 1877 event (Vigny and Klein, 2022), and if fully
locked, as it appears, would have accumulated some 10 m of slip deficit,
enough for at least a magnitude 8.5 event. This is likely the most
mature seismic gap left along the Chilean margin (Lay and Nishenko,
2022). The Iquique earthquake demonstrated that having permanent
observation infrastructure in place is essential and gainful in order
to advance our understanding of megathrust behavior before, during
and directly after a large earthquake. However, it also demonstrated
that preseismic phenomena are so subtle that the existing observational
infrastructure is not sufficient to unequivocally resolve them. Densifica-
tion of existing seismic and geodetic networks, new measurements like
e.g. tilt or strain, as well as the instrumentation of the offshore realm
would be necessary in order to advance our detection capabilities in
the advent of the next great earthquake, which would also advance our
field as a whole.

5. The downgoing plate

Although the primary seismic hazard in Northern Chile stems from
large earthquakes on the megathrust, the region has also experienced
two strong intermediate-depth intraslab earthquakes of M∼8 at depths
of ∼100 km over the last century, the 1950 Calama earthquake (Kausel
and Campos, 1992) and the 2005 Tarapacá earthquake (Peyrat et al.,
2006; Delouis and Legrand, 2007). As the properties of the downgoing
plate as well as their spatial variations are a key factor that governs
subduction zone structure (including the long-term and short-term
behavior of the megathrust), we here compile published knowledge
on the downgoing plate’s seismicity (Section 5.1) and its geometry,
velocity and attenuation structure (Section 5.2). In Section 5.3, we then
discuss a number of currently unresolved issues about the downgoing
Nazca Plate in Northern Chile.

5.1. Intraplate seismicity

Event geometry
In the offshore part of the Nazca Plate, the IPOC seismicity catalog

shows virtually no seismicity beyond the trench (Fig. 6). This stands
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Fig. 14. Series of W-E profiles through the IPOC seismicity catalog, showing earthquake hypocenters as hollow black circles. In the left column, four different available models of
the slab geometry, slab1.0 (Hayes et al., 2012), slab2 (Hayes et al., 2018), the model derived from an earlier version of the IPOC catalog (Sippl et al., 2018) as well as the model
of Tassara and Echaurren (2012), are overlain. In the right column, seismicity is plotted atop profile sections through the S-wave velocity model of Gao et al. (2021). Additionally,
geometries of the oceanic (orange) and continental (red) Moho, taken from receiver function studies, is plotted for the cross sections where they are available. For the sections at
20 and 22◦S, these are taken from Sodoudi et al. (2011), in the section at 21◦S the Moho geometries are from Wölbern et al. (2009). Yellow stars in the cross section at 20◦S
mark the hypocenters of the aftershock series of the 2005 Tarapacá earthquake (taken from Peyrat et al., 2006).
in contrast to other subduction zones around the world, where Outer
Rise seismicity is a common phenomenon (e.g. Craig et al., 2014).
Global compilations of Outer Rise seismicity, which are based on global
earthquake catalogs and hence only contain larger earthquakes (M
> ∼4.5), do not show Outer Rise events for Northern Chile either.
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However, the long-term catalog of the CSN (Barrientos, 2018) shows
a small population of Outer Rise events between 21 and 22.5◦S. Due
to the location of these events far outside the station network, it is
quite possible that the automated approach used for compiling the IPOC
catalog failed to detect them.
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Fig. 15. Projection of T-axis orientations of intraslab earthquakes (mechanism compilation of Sippl et al., 2019) into a W-E profile. The profile is centered at 21.5◦S, seismicity
hypocenters are shown with black circles, T-axis orientations are displayed with bars. Bar orientations correspond to T-axis dip angles, their lengths are proportional to the in-plane
part of their azimuthal orientation (azimuth 90◦ means in-plane only, i.e. maximum bar length; azimuth 0◦ means azimuth perpendicular to the projection plane, i.e. shown as a
dot only). Bar color is green when the dip angle deviates by more than 30 degrees from the slab dip, if the deviation is smaller the color is red. Blue curve shows an estimate of
slab bending and unbending derived from slab geometry (Sippl et al., 2022).
Inside the downgoing slab beneath the Northern Chile forearc and
arc, background seismicity rates are extremely high, which has been
visible in seismicity studies over the decades (e.g. Barazangi and Isacks,
1976; Cahill and Isacks, 1992; Bloch et al., 2014; Sippl et al., 2018).
In the 15 years spanned by the IPOC catalog, the amount of in-
traslab earthquakes totals nearly 10 times that of plate interface events
(see Section 3), even though the latter group contains the promi-
nent aftershock series of the 2007 Tocopilla and the 2014 Iquique
earthquakes (Section 4.4). This stands in contrast to the regions im-
mediately south (Copiapó region; e.g. Pasten-Araya et al., 2022) and
north (southern Peru; e.g. Cahill and Isacks, 1992; Gutscher et al.,
2000), where a much larger proportion of the background seismicity
occurs on the plate interface. Intraslab seismicity in Northern Chile
shows a prominent transition in downdip direction (Fig. 7). At depths
of <∼90 km, a double seismic zone (DSZ) with about 20 km separation
distance between upper and lower plane is visible (see Fig. 4, Sippl
et al., 2018). DSZs are common features in subduction zones, and may
be near-ubiquitous globally (Brudzinski et al., 2007; Sippl et al., 2022).
At depths beyond ∼90 km, no DSZ can be observed any more, and
seismicity outlines an about 25 km thick highly seismogenic volume
(see profiles in Fig. 7). The transition between DSZ and the thicker
cluster is sharp and near-vertical (Sippl et al., 2019), although its
appearance and position varies along strike.

Drastically increased seismicity rates and a thicker seismogenic
volume at these depths were observed in previous local studies (e.g.
Schurr et al., 1999; Haberland and Rietbrock, 2001) as well as using
teleseismic depth phases (Craig, 2019), while two studies (Rietbrock
and Waldhauser, 2004; Florez and Prieto, 2019) have also reported
the existence of a DSZ to larger depths. Upon closer inspection, these
results are not contradictory, but it appears that both observations are
valid for different areas. Shape and event rates in both the DSZ and
the deep cluster vary strongly along strike (Fig. 7). North of 20◦S, the
lower plane of the DSZ is only very faint, and activity levels in the
deep cluster are lower than further south. At the same time, the cluster
terminates at a depth of ∼110 km, shallower than further south. North
of 18.5◦S, where the IPOC catalog has no resolution, a local seismic
experiment showed that while the drastic increase in event numbers
at ∼90 km depth is also observed there, the two planes of the DSZ
remain distinguishable within the deep cluster in this region (Comte
et al., 1999; Dorbath et al., 2008). This can also be observed in our
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northernmost cross sections (Fig. 7). The slab to the north of 20◦S
appears to have a constant dip of about 25◦. Between 20.5 and 22◦S,
event rates in the deep cluster are highest, and the DSZ at shallower
depths is clearly outlined (Fig. 7). The lower plane of the DSZ has
its updip termination at only ∼45 km depth around 21◦S, and shows
a higher activity level than further north or south. Within the deep
cluster, activity fills the entire ∼25 km thickness from close to the
slab surface to the depth of the DSZ lower plane further updip. Two
lateral offsets of the seismicity can be observed at 21 and 21.6◦S;
they are visible in map view (Fig. 6) and by comparing the different
profiles on either side of them (Fig. 7). As shown in Sippl et al. (2018),
these offsets do not represent tears or discontinuities in the subducting
slab, but instead comprise sharp along-strike changes of the onset and
termination of the seismically active volume within a continuous slab
that does not show short-wavelength geometry changes. The general
slab shape south of ∼21◦S, however, is distinct from further north;
it shows a flattening of the slab at depths of ∼70–80 km, followed
by a steepening at depths of ∼110–120 km, roughly coincident with
the downdip termination of the seismically highly active cluster (Sippl
et al., 2019). South of 22◦S, seismicity rates in the downgoing slab
decay again. This may partially be due to the network geometry that
was used for the IPOC catalog, but larger-scale studies with networks
extending further south (e.g. Cahill and Isacks, 1992; Barrientos, 2018)
made a similar observation. As north of ∼20◦S, the DSZ lower plane is
near-absent, and the intermediate-depth cluster is weaker and appears
to feature two planes of increased activity again. This latter observation
may be consistent with Rietbrock and Waldhauser (2004).

At ∼24◦S, a cluster of strong, persistent seismicity is located at about
200–250 km depth, beneath the Chile-Argentinian border (Valenzuela-
Malebran et al., 2022; Schurr et al., 1999). This ‘‘Jujuy cluster’’ occurs
beneath where the volcanic arc is deflected eastwards (see Fig. 1),
and regularly features large earthquakes with magnitudes up to ∼6.5.
While this feature was contained in an earlier version of the IPOC
catalog (Sippl et al., 2018), it was removed in the present version
due to its location far outside the station network, which would lead
to a highly incomplete catalog with substantial location scatter and
uncertainties. More weakly active structures at ∼200 km depth are
retrieved east of the Argentinian border between 21 and 23◦S (Fig. 6).
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Fig. 16. (a) Map view projection of T-axis orientations (dataset of Sippl et al., 2019)
or earthquakes inside the deep cluster. Bar length corresponds to T-axis dip angle (full
ength means horizontal, minimum length means vertical orientation). (b) Along-strike
volution of mean T-axis azimuth (solid line; dashed lines show mean plus and minus
tandard deviation), computed in a 0.5◦ moving window.

ource properties
Stress drops for intraslab earthquakes were found to fall into the

ange 7–30 MPa (Cabrera et al., 2021; Herrera et al., 2023b), with the
005 Tarapacá earthquake featuring a value at the upper end of that
ange (Kuge et al., 2010; Peyrat et al., 2006). Although these studies
nly investigated a small number of earthquakes, the results are in gen-
ral agreement with values for intermediate-depth earthquakes in other
ubduction zones (e.g. Kita and Katsumata, 2015) as well as global
ompilations (Poli and Prieto, 2016), all of which have concluded that
ntraslab earthquakes feature higher stress drops than plate interface or
ntracrustal earthquakes. Derode et al. (2019) also found that intraslab
vents in Northern Chile likely have higher rupture velocities and
uggested that their ruptures are shorter and more impulsive.

When looking at focal mechanisms, the overwhelming majority of
ntraslab earthquakes in Northern Chile show mechanisms with their
-axes oriented approximately E-W with a dip of 20–30◦, i.e. aligned
ith the dip of the slab (Figs. 15 and 16). Such downdip extensive

DDE) mechanisms are found throughout the highly active volume of
eismicity at depths of ∼100 km (Rietbrock and Waldhauser, 2004;
loch et al., 2018b; Sippl et al., 2019), in the deeper clusters across
he Argentinian border (e.g. Schurr et al., 1999) as well as in the
SZ lower plane (Bloch et al., 2018b; Sippl et al., 2019). A more
etailed look into the along-strike variation of T-axis azimuths reveals
deviation from the near perfect E-W orientation (azimuth ∼90◦) to a
ore NNE-SSW orientation (azimuth ∼60◦) between 20.5 to 21.5◦S (see

lso Cesca, 2020). The upper plane of the DSZ shows an along-dip flip in
ocal mechanism orientation (Fig. 15), from compressive mechanisms
t shallower depths to DDE for deeper events, with a sudden transition
etween the two regimes at ∼60 km depth (Fig. 15). As already noted
y Bloch et al. (2018b), the shallow compressive intraslab mechanisms
re not downdip compressive, with P-axes oriented along the slab and
-axes perpendicular to the slab dip. Rather, P-axes are oriented at an
ngle of 30–45◦ relative to the slab orientation. An earlier study in
he very north of the area of interest has shown much more scattered
esults than what was retrieved here (Comte et al., 1999), but this may
ave been a result of using first motion polarities for focal mechanism
etrieval with a very small seismic network.
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e

emporal evolution and magnitude-frequency trends
Fig. 6 shows the temporal evolution of seismicity in the years 2007–

021. It can be recognized that the overall rate of intraslab events in the
POC catalog has decreased from 2014 to 2021, which should mostly
e due to changes in station geometry as well as prolonged station
utages (see also Fig. 17, blue curves). When only considering events of
agnitude 2.7 and above (the overall completeness magnitude estimate

f Hainzl et al., 2019), the trend of overall decreasing event numbers
s hardly visible any longer (Fig. 17), indicating that the main effect
s not a true decrease of event rate, but a decrease in the detection
apability of the station network. However, a substantial, continuous
nd robust decrease in event numbers is obtained when only looking
t intermediate-depth events around 20◦S, a trend that is also visible for
> 2.7 events. This trend is likely connected to the 2005 𝑀𝑤 7.8 Tara-

acá earthquake, which was the most prominent intermediate-depth
arthquake in Northern Chile since 1950 and occurred in the northern
art of our study area at a depth of approximately 100 km (e.g. Peyrat
t al., 2006). As the Tarapacá event itself occurred before the start of
he IPOC catalog, we use aftershock locations from a rapid-response
ocal network (Peyrat et al., 2006) to identify its location relative
o features in our catalog. These early aftershocks outline a gently
est-dipping structure situated inside the highly seismogenic cluster
e retrieve (yellow stars in Fig. 14) and extending from ∼19.7 to
0.25◦S along-strike. This along-strike extent is largely consistent with
ublished rupture models of the Tarapacá main shock (Delouis and
egrand, 2007; Kuge et al., 2010). When we consider IPOC catalog
vent numbers for ID events only in this latitude range, we see a
lear decrease of event rates from 2007 all the way to 2021, which is
lso robustly retrieved for events with M > 2.7 (Fig. 17). This implies
hat the 2005 Tarapacá earthquakes locally triggered increased rates of
ntraslab earthquakes for more than a decade.

Compared to seismicity on the plate interface, intraslab seismicity
n Northern Chile is much less clustered in time, and to first order
esembles constant background activity (Sippl et al., 2019). However,
arger intraslab events still create aftershock series (e.g. Cabrera et al.,
021), although most of these are significantly less pronounced than
or plate interface events of comparable magnitude, and there appears
o be a subtle general trend of decreasing aftershock productivity with
epth (Wimpenny et al., 2022), similar to observations in other subduc-
ion zones (Gomberg and Bodin, 2021; Chu and Beroza, 2022). Cabrera
t al. (2021) analyzed six aftershock series in detail and found that
ftershock productivity appears to decrease with depth below the slab
urface, which they interpreted as aftershock productivity being related
o hydration of the downgoing lithosphere. However, the much larger
ataset analyzed by Wimpenny et al. (2022) did not show such a clear
elationship, and most likely heterogeneity in several parameters (slab
ydration being one of them) contributes to the observed differences
n aftershock productivity. Fig. 18 shows examples of aftershock se-
uences for M ∼ 6 events in different settings within our catalog.
hile both chosen examples for event class ID, situated inside the

eeper cluster of seismicity at depths >100 km, as well as the lower
lane example show virtually no aftershocks, the Michilla event that
ccurred in the downgoing oceanic crust (Section 4.4.1) had a vigorous
ftershock series with a longevity in excess of comparable series on the
late interface.

B-values of intraslab earthquakes in Northern Chile were found to
e significantly higher than those of plate interface events (Legrand
t al., 2012; Hainzl et al., 2019; Poulos et al., 2019; Sippl et al., 2019),
lthough the exact values for the different event populations vary
etween studies. Sippl et al. (2019) separately analyzed the different
ntraslab populations, i.e. earthquakes in the upper and lower plane
f the DSZ and in the intermediate-depth cluster, and found that the
ntermediate-depth cluster has a significantly higher b-value than the
SZ further updip. This can also be seen in the maps of Legrand et al.

2012). When looking at the along-strike variation of b-values, Geersen

t al. (2022) found that it is dependent on the depth within the slab.
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Fig. 17. Temporal evolution of monthly event numbers of all intermediate-depth earthquakes (blue) compared to the latitudinal range of the Tarapacá rupture (red; 19.7 to
0.25◦S). The upper panel shows all events, the lower one only events with magnitudes above 2.7 (the completeness magnitude estimated by Hainzl et al., 2019). Total event
umbers decline in the upper plot, whereas they stay largely constant in the lower one, which is a hint that the detection threshold of events may have deteriorated as a
onsequence of changing network geometry. For the Tarapacá region, both plots show a clear decrease of event numbers over time.
s
F

hereas events close to the slab surface to first order feature constant
-values along strike, there are much larger variations in b-value for
vents deep inside the slab, with a clear maximum in the region
etween ∼20.7 and ∼22◦S.

.2. Structural observations

In the offshore part of the forearc, landward of the trench, seismic
omography studies of the downgoing slab show reduced 𝑣𝑝 values (and

increased 𝑣𝑝∕𝑣𝑠) in the oceanic crust and possibly into the uppermost
antle (Husen et al., 2000; Petersen et al., 2021). Such a reduction in

hallow P-wavespeeds is also seen in active seismic studies (e.g. Ranero
nd Sallarès, 2004; Myers et al., 2022) and is likely due to partial ser-
entinization. Below the onshore part of the forearc, receiver function
tudies have imaged the downgoing oceanic crust as a 5–10 km thick
ow-velocity layer atop the descending slab, with a S-wavespeed con-
rast relative to the underlying mantle lithosphere of around 15% (Yuan
t al., 2000). This low-velocity layer fades and eventually becomes
nvisible at depths of 100–120 km in migrated images (Yuan et al.,
000; Wölbern et al., 2009), whereas a faint trace of it can be discerned
o deeper depths in unmigrated waveforms (Wölbern et al., 2009).

hen comparing receiver function results with seismicity, it becomes
pparent that the upper plane of the DSZ is located close to the oceanic
oho, but likely still within the oceanic crust (Bock et al., 2000; Sippl

t al., 2018), while the intermediate-depth cluster of seismicity is nearly
ntirely situated in the oceanic mantle lithosphere (ANCORP work-
21

ng group, 1999; Oncken et al., 2003; Sippl et al., 2018). Comparison of s
receiver function profiles at 20 and 22◦S (Sodoudi et al., 2011) shows
the changes in slab geometry (steeper, constant subduction angle in
the north, slab flattening in the south) that were already seen in the
seismicity distribution. Observations of guided waves that propagate
in the crustal wave duct require a much thinner low-velocity layer
of 1–4 km thickness that is continuous to depths in excess of 180–
200 km (Martin et al., 2003; Garth and Rietbrock, 2017), as well as
a kink in the slab at about 100 km depth that allows the guided waves
to exit the crustal waveduct.

The downgoing Nazca Slab shows up as a continuous high-velocity
and low-attenuation feature in a wide range of seismic tomography
studies that use local and regional sources (e.g. Myers et al., 1998;
Graeber and Asch, 1999; Haberland and Rietbrock, 2001; Schurr et al.,
2006; Huang et al., 2019; Gao et al., 2021), whereas a number of
studies that used teleseismic earthquakes could only image it robustly
when using a priori constraints (e.g. Heit et al., 2008; Scire et al., 2015).
It does not show first-order variations of velocity parameters or geom-
etry within the study region and appears to be continuous beyond the
bottom of the mantle transition zone (Bijwaard et al., 1998; Scire et al.,
2015; Faccenna et al., 2017; Portner et al., 2020). Whereas values of
P-wave attenuation (𝑄𝑝 ∼ 1000; Haberland and Rietbrock, 2001; Schurr
et al., 2006) and 𝑣𝑝∕𝑣𝑠 (∼1.73–1.75; Schurr et al., 2006; Koulakov et al.,
2006; Comte et al., 2016) do not vary significantly along strike, Gao
et al. (2021) observed faster 𝑣𝑠 values in the downgoing Nazca Plate
outh of 21◦S, which can also be recognized in Schurr et al. (2006).
urther south, 𝑣𝑠 inside the slab appears to decrease again from 24◦S
outhwards, accompanied by decaying intraslab seismicity (Gao et al.,
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Fig. 18. Comparison of aftershock productivity for roughly similar-sized (M ∼ 6) earthquakes from different tectonic regimes. (Left) Overview map that shows the epicenters of
the six investigated events in the context of the entire seismicity catalog, marked by stars. Their colors indicate the classification of the events (same color scheme as in Fig. 4),
and the number next to each event is the hypocentral depth in kilometers. (Right) Magnitude-vs-time plot of events within a volume of +−20 km around each hypocenter in all
three dimensions. Magnitudes of all events within that volume within a timespan from one year before to two years after the main event (black cross and line) are shown. Grey
shading means that the catalog contains no data for this time interval. Note that events 1 and 2 (situated in the upper plate and within the uppermost part of the slab) feature
clear aftershock series, with seismicity still clearly above background levels one year after the main event. On the plate interface, aftershock series appear to decay faster but are
still clearly discernible, while it is hard to identify any aftershock activity in the deeper parts of the slab.
2021). In downdip direction, some studies have obtained a sudden
increase of 𝑣𝑝 in the downgoing slab, from ∼8 to ∼8.5 km/s, at a depth
of about 70 km (Graeber and Asch, 1999; Huang et al., 2019).

As most published studies have used intraslab seismicity as sources
for the tomography, only the uppermost part of the downgoing slab
is well resolved. Information on possible changes of seismic velocities
with depth inside the slab is thus rare, and existing results are contra-
dictory. The study of Dorbath et al. (2008) obtained large variations
of both 𝑣𝑝 and 𝑣𝑠 between upper plane, intermediate region and lower
plane of the DSZ in the very north of the study area. In their model, 𝑣𝑠 is
high (>4.6 km/s) everywhere, but 𝑣𝑝 is reduced in the upper plane (7.7
km/s) as well as in the lower plane (7.4 km/s), but strongly elevated
between (8.5 km/s). This leads to a high-𝑣𝑝∕𝑣𝑠 region between the
planes of the DSZ, framed by low-𝑣𝑝∕𝑣𝑠 where the seismicity is located.
Using the same dataset, Comte et al. (2016) retrieve intermediate to
low values of 𝑣𝑝∕𝑣𝑠 for all depths within the slab, which appears to be
corroborated by teleseismic residuals of sP and pP from autocorrela-
tions (Fang and van der Hilst, 2019). Bloch et al. (2018a), in contrast,
obtained very high 𝑣𝑝∕𝑣𝑠 values of ∼2 about 30 km below the slab
top by directly estimating 𝑣𝑝∕𝑣𝑠 from traveltime differences (Lin and
Shearer, 2007).

Anisotropy results for the downgoing Nazca Slab show an along-dip
change from trench-normal fast directions in the shallow slab to trench-
perpendicular fast axis orientations at deeper depths (Huang et al.,
2019)

5.3. Processes

5.3.1. What mineralogical processes are responsible for the along-dip vari-
ation of seismicity?

Intermediate-depth seismicity in downgoing oceanic lithosphere is
linked to the breakdown of hydrous minerals inside the slab (e.g.
Peacock, 2001; Hacker et al., 2003a,b; Zhan, 2020). These hydrous
phases originate mainly in the Outer Rise region of a subduction
zone, where the plate gets bent and thus opens pathways for water to
infiltrate deep into oceanic crust and lithosphere (Ranero et al., 2003;
Cai et al., 2018). While the exact mechanism of intermediate-depth
seismogenesis is still debated (e.g. Ferrand et al., 2017; Zhan, 2020),
the link to the dehydration of hydrous minerals is widely accepted.
Globally, earthquakes at intermediate depths tend to form double seis-
mic zones (DSZs), i.e. alignments of two parallel planes of earthquakes
separated by an aseismic region in-between (e.g. Brudzinski et al.,
22
2007; Florez and Prieto, 2019). The most widely accepted explanation
for this phenomenon is that the two planes represent the dehydration
of different mineral phases. The lower plane is usually found close to
the 600–650 ◦C isotherm and has been linked to the dehydration of
antigorite in oceanic mantle lithosphere (Peacock, 2001), whereas the
upper plane may be linked to the eclogitization of gabbroic oceanic
lower crust (e.g. Kita et al., 2006).

The observed seismicity inside the downgoing Nazca Plate in North-
ern Chile deviates significantly from global observations. While a dou-
ble seismic zone is present at shallower depths, it disappears at ∼100
km depth, where a highly active, 25–30 km thick cluster of seismicity is
observed (see Section 5.1; Fig. 7). Although the regions in the north and
south of the study region show a somewhat different geometry of the
intermediate-depth cluster, the sudden increase of seismicity rates at
this depth is observed everywhere along the Northern Chile subduction
zone. Attenuation and 𝑣𝑝∕𝑣𝑠 inside the mantle wedge directly above
this cluster are significantly elevated (see Section 6; Graeber and Asch,
1999; Haberland and Rietbrock, 2001; Schurr et al., 2006), which can
be interpreted as the signature of fluids that were liberated through
dehydration reactions in the slab rising into the overlying mantle (e.g.
Contreras-Reyes et al., 2021a). Thus, the observed along-dip transition
likely corresponds to a sudden increase in the rate of dehydration
reactions along dip. Although there are many hydrous phases whose
breakdown could potentially occur in the pressure-temperature range
investigated here (Ferrand, 2019), most of those are unlikely to be
present in significant quantities. Antigorite dehydration, the most com-
monly invoked such reaction, occurs at a near-constant temperature of
600–650 ◦C, which stands in contrast to the observation that the onset
of the deep seismicity cluster clearly cuts across isotherms (Fig. 19).

Sippl et al. (2019) proposed a conceptual model in which the seis-
micity cluster occurs due to a feedback loop initiated by temperature
input into the slab from the overlying mantle wedge. The onset of the
seismicity cluster is located where the slab top reaches the hot part of
the overlying mantle wedge, so elevated temperature input there could
cause some of the metastable antigorite in the slab to dehydrate. The
densification of the slab that accompanies this reaction could then lead
to an increase in strain rate due to slab bending, which again leads to
an increased rate of antigorite dehydration. Such a setup could invoke a
reaction cascade that may explain the abundance of seismicity at these
depths. Obviously, many open questions remain around this feature,
for instance it is unclear why it is not present further north or south
along strike of the South American margin, where seismicity rates at
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Fig. 19. Comparison of published thermal models for the Northern Chile subduction zone. All models are plotted on top of a seismicity W-E section at 21.5◦S. Dashed lines
show isotherms every 200 ◦C, with coloring explained in the legend at the bottom. Note that the models were produced for different latitudes, which results in small geometrical
discrepancies relative to the seismicity due to along-strike changes in slab shape. (a) Section through the 3D model of Araya Vargas et al. (2021), taken at 22◦S. (b) 2D model
of Cabrera et al. (2021) (at ∼19◦S) (c) 2D model of Springer (1999) (for ∼21◦S) (d) 2D model of Wada and Wang (2009) (for 24◦S). Note that the lower plane of double seismic
zone seismicity is situated in the vicinity of the 600 ◦C isotherm for all models except Springer (1999), where it plots on the 400 ◦C isotherm.
intermediate depths are much lower (see Section 5.3.2; e.g. Cahill and
Isacks, 1992). Globally, some trench-parallel belts of increased intraslab
seismicity have been observed elsewhere (Kita et al., 2006; Ratchkovski
and Hansen, 2002), but none of them feature geometries or event rate
contrasts comparable to Northern Chile. This is surprising considering
23
that Northern Chile is not at the extreme end of any of the most
important subduction zone parameters, featuring downgoing crust of
medium age (∼50 Ma) and a moderate to fast subduction speed, leading
to a thermal parameter of ∼1700, in the midfield of global subduction
zones (Syracuse et al., 2010). However, the fractured nature of the
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Fig. 20. Thickness of the oceanic crust of the Nazca Plate offshore Northern Chile.
The background map is from Tassara et al. (2006), interpolated based on the vertices
shown with colored circles. Small inverted triangles are crustal thicknesses from 2D
seismic velocity models based on CINCA95 reflection profiles (Patzwahl et al., 1999),
large inverted triangles are seismic reflection results from Ranero and Sallarès (2004,
to the south) and Myers et al. (2022, to the north).

seafloor offshore Northern Chile, with its prominent horst-and-graben
structures nearly devoid of overlying sediments (e.g. Geersen et al.,
2018), may allow for stronger hydration at the Outer Rise compared
to other regions.

5.3.2. Anomalous seismicity features around 21◦S
The shape of the Nazca Slab in Northern Chile is not constant

along strike, but undergoes a transition from a straight geometry in the
northern part of the study area (e.g. Comte et al., 1999) towards a more
complex and partially flattened geometry south of about 21◦S (Fig. 14;
e.g. Hayes et al., 2018; Sippl et al., 2018; Sandiford et al., 2020), where
it may start to grade into the Pampean flat slab further south (Ramos
et al., 2002). At the same time, we observe the highest event numbers
of intraslab earthquakes at latitudes between about 20.8 and 21.6◦S
(Fig. 6), with event numbers decreasing to the north and south of this
segment. This observation can not only be an effect of instrumental
coverage, as the CSN catalog (which has wider coverage at least to
the south) shows a similar trend. At 21 and 21.6◦S, two offsets of the
intraslab seismicity are visible both in map view and in depth (Fig. 6;
more detail in Sippl et al., 2018). The lower plane of the DSZ is most
pronounced at around 21◦S, where it is pervasively active from depths
as shallow as 45–50 km all the way to the deep cluster. Thus, we
observe clearly increased seismicity especially deep inside the slab in a
narrow along-strike region of the Northern Chile subduction zone.

Although some recent studies have claimed that some of the deeper
intraslab seismicity may occur in a dry setting (e.g. Cabrera et al.,
2021), it is commonly assumed that the occurrence of intermediate-
depth seismicity is directly linked to deep slab hydration (e.g. Ranero
et al., 2005), and event rates deep in the slab may be directly related
to the presence or absence of hydrous minerals there (e.g. Geersen
et al., 2022). This could imply that a slab segment with elevated (deep)
hydration is subducted around 21◦S. The hydration of the downgoing
oceanic lithosphere is in most places related to faulting in the Outer
Rise region, where normal faulting due to plate bending allows water
to infiltrate deep into the oceanic plate (e.g. Faccenda et al., 2012).
Increased fracturing of the seafloor in the Outer Rise region often occurs
where features such as ridges, seamount chains or fracture zones are
subducted (e.g. Sun et al., 2020), and the creation of these features may
have already led to some hydration of the oceanic plate as well. Thus,
24
increased rates of intermediate-depth seismicity can be expected where
such a seafloor feature is subducted (e.g. Kirby et al., 1996; Shillington
et al., 2015). It could thus be speculated that the increased event rates
and deeper extent of seismicity between 20.8 and 21.6◦S are a conse-
quence of a subducted seafloor feature. The only such feature currently
impinging onto the Northern Chile trench is the NE-to-NNE striking
Iquique Ridge (Fig. 1), a hotspot track that formed 45–50 Ma ago
and started colliding with South America 40 Ma ago (Bello-González
et al., 2018; Contreras-Reyes et al., 2021b). It features clearly elevated
crustal thickness of up to 13 km close to the trench (Myers et al., 2022)
and possibly more further offshore (Tassara et al., 2006), compared to
an oceanic crust of 6 to 8 km thickness elsewhere offshore Northern
Chile (see Fig. 20; Patzwahl et al., 1999; Ranero and Sallarès, 2004;
Tassara et al., 2006). While diminished crustal and possibly uppermost
mantle P-wavespeeds, which may indicate pervasive hydration, have
been imaged along the Iquique Ridge (Myers et al., 2022), the depth
region of the DSZ lower plane or most of the activity of the deep cluster
have not been resolved.

While the Iquique Ridge is a feature that could potentially create
a signature like the one we observe at depth, its strike direction and
location offshore is not compatible to the location of the seismicity
anomalies (see Fig. 1). The Iquique Ridge impinges onto the trench
offshore Northern Chile around 20.5◦S (Ma et al., 2023), and strikes
NE to NNE, so that it should be situated more than 100–150 km north
of where we observe the seismicity anomalies at depth. Moreover, it is
unclear whether a significant portion of it has already been subducted,
since several studies have deduced that its initial contact with the
Northern Chile trench may only have been about 2 Ma ago (e.g. Rosen-
baum et al., 2005; Bello-González et al., 2018). It thus appears unlikely
that the increased hydration and intriguing geometries we observe at
depth around 21◦S can be linked to the Iquique Ridge. On the other
hand, the Iquique Ridge is not a strictly linear feature offshore, but
consists of several prominent seamounts that do not follow any simple
linear trend (Fig. 1), so that we cannot exclude that what we observe
is an eastward protrusion off the main strike direction of the ridge.
At the same time, seismicity rates at depth appear to correlate with
the faulting pattern of the seafloor that is currently being subducted,
with the region around 21◦S corresponding to an area where two to
three different fabric orientations are present, whereas only a single one
dominates further north and south (Geersen et al., 2018, 2022). This
may indicate that a more subtle difference in seafloor morphology, not
necessarily involving a large feature like a seamount chain, can already
have a significant influence on observed seismicity rates at depth.

5.3.3. What controls the intraslab stress field?
The pattern of intraslab stresses in Northern Chile, as outlined by

earthquake focal mechanisms (Fig. 15), is unusual in a global context.
Following early findings in Japan and the Aleutians (Hasegawa et al.,
1978; Engdahl and Scholz, 1977), double seismic zone earthquakes
are thought to exhibit downdip compression in the upper plane and
downdip extension in the lower plane, which has been associated with
the unbending of the plate (e.g. Kawakatsu, 1986). While the down-
going Nazca Plate in Northern Chile shows such a pattern at shallow
depths, its upper plane exhibits a flip of mechanisms to downdip ex-
tensive at a depth of ∼60–65 km, while the lower plane stays downdip
extensive. The highly active cluster at deeper depth is likewise homo-
geneously downdip extensive. Interestingly, a downdip change in slab
anisotropy appears to mirror the observed mechanism flip near the slab
surface (Huang et al., 2019).

Different explanations for these findings have been proposed. San-
diford et al. (2020) and Cabrera et al. (2021) associate the change
in mechanism signature with a transition from slab unbending to slab
bending. This is compatible with the slab geometry (e.g. Fig. 14), which
shows a shallowing followed by slab steepening where the deeper clus-
ter of earthquakes is located. Steady-state estimates of plate bending or
unbending (from Sippl et al., 2022, shown in Fig. 15) appear to confirm
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this (also seen by Sandiford et al., 2020). With this model, however,
it is difficult to explain the missing flip to compressive mechanisms
deeper inside the slab, so that no bending signature (i.e. extensive over
compressive mechanisms) is observed there. In the aforementioned
studies, the authors argue that the addition of in-plane extension due
to slab pull may shift the plane of neutral stress deeper inside the slab,
so that the compressive deeper part is not sampled by the seismicity,
which is confined to the uppermost ∼30 km of the slab (e.g. Fig. 7).

Other studies have noticed that the mechanism flip in the upper
lane coincides with the downdip termination of seismicity along the
late interface (see Fig. 15; Bloch et al., 2018b; Sippl et al., 2019;
omte et al., 1994). The observed pattern of stress orientations could
hus also be explained by a dominance of in-plane extension (e.g. due
o slab pull) in the slab, modified by compressive stress due to friction
n the plate interface, which gets transmitted into the slab (Sippl
t al., 2022). In a purely elastic slab, (un)bending stresses are much
arger than stresses on the plate interface (e.g. Fourel et al., 2014;
ielforder et al., 2020). However, the presence of in-plane extension
ue to slab pull as well as slab weakening due to ongoing dehydra-
ion reactions may make such a scenario possible. In conclusion, it is
urrently not clear which combination of constituent stresses controls
he intraslab stress field of Northern Chile, and whether the current
emporal snapshot of intraslab stresses is stable over many seismic
ycles.

. The mantle wedge

.1. Observations

The mantle wedge beneath Northern Chile appears to be aseismic.
n those cross sections where the continental Moho has been drawn
ll the way to the slab (at 20 and 22◦S; see Fig. 14), only few small
arthquakes in the IPOC catalog locate in the mantle wedge, but
hese are situated right above the strong intraslab seismicity cluster
nd likely represent mislocated events that have received too small
ypocentral depths. No distinct clusters or mantle wedge events updip
f the intermediate-depth cluster are obtained. Thus, the overwhelming
ajority of available information about the Northern Chile mantle
edge comes from tomography studies that utilize earthquakes from

he underlying slab.
Beneath the Western Cordillera, the mantle wedge can be recog-

ized as a region of clearly elevated seismic attenuation (𝑄𝑝 ∼ 100;
aberland and Rietbrock, 2001; Schurr et al., 2003, 2006) and mod-
rate seismic velocities (𝑣𝑝 between 7.7 and 8.3 km/s; e.g. Koulakov
t al., 2006; Schurr et al., 2006; Gao et al., 2021), which stands
n clear contrast to the underlying slab that is faster and has much
ower attenuation. The high-attenuation anomaly of the mantle wedge
s continuous into the continental crust and thus connects the region
irectly above the earthquake clusters in the slab with areas of recent
olcanism (e.g. Schurr et al., 2003). The mantle wedge shows elevated
𝑝∕𝑣𝑠 ratio values, most clearly so directly above the slab at depths >70
m (𝑣𝑝∕𝑣𝑠 > 1.8; Graeber and Asch, 1999; Schurr et al., 2006; Comte
t al., 2016), right above the highly seismogenic regions in the slab.
his is also where the highest attenuation values are found (𝑄𝑝 < 100;
churr et al., 2003). The high-attenuation anomaly of the mantle wedge
s most pronounced between 22 and 23◦S, and has lower amplitudes
urther north (Haberland and Rietbrock, 2001). It is displaced east-
ards around 24◦S, where the Salar de Atacama Block shows extremely

ow attenuation (𝑄𝑝 > 1000) down to the slab surface (Schurr and
ietbrock, 2004), and decreases in strength southwards from there (Gao
t al., 2021). The along-strike variation of 𝑣𝑝∕𝑣𝑠 is less clear; while Gao
t al. (2021) see a stronger low-𝑣𝑠 anomaly south of 21◦S and an
‘anomaly gap’’ between 19.8 and 21◦S, Comte et al. (2016) retrieved
stronger high-𝑣𝑝∕𝑣𝑠 anomaly north of 21◦S. Electric conductivity dis-

ributions determined from magnetotelluric experiments (Araya Vargas
t al., 2019) appear to be more consistent with the former result.
25

i

At 21◦S, low values of 𝑣𝑝 and high 𝑣𝑝∕𝑣𝑠 directly above the slab
Koulakov et al., 2006; Heit et al., 2008) correlate with the Nazca
eflector, a region of exceptionally strong reflectivity found in active
eismic experiments (ANCORP working group, 1999; Oncken et al.,
003; Yoon et al., 2009; Storch et al., 2016). High attenuation and
ncreased 𝑣𝑝∕𝑣𝑠 connect this reflector to the Quebrada Blanca Bright
pot in the shallow crust (e.g. Bloch et al., 2014, see also Section 7).
hen visualizing the mantle wedge attenuation anomaly together with

he slab surface and continental Moho, it is evident that the outermost
egion of the mantle wedge features high attenuation values, indicative
f decreased temperatures and a so-called ‘‘cold nose’’ (e.g. Abers et al.,
017; Sippl et al., 2019). Anisotropy studies show mostly trench-normal
ast directions above the mantle wedge, but conclude that the main
ource of these splitting times should be below the slab (Reiss et al.,
018; Huang et al., 2019).

.2. Processes

The absence of seismicity inside the Northern Chile mantle wedge
tands in contrast to the Colombia and Hellenic subduction zones,
here seismicity clusters located inside the mantle wedge have been

dentified (Chang et al., 2017; Halpaap et al., 2019). In these regions,
antle wedge seismicity has been interpreted to track rising fluids that
ave been released from the slab, possibly having broken through the
late interface seal (Halpaap et al., 2019). While no mantle wedge
eismicity as a direct sign of fluid ascent is observed in Northern Chile,
mages from attenuation and traveltime tomography imply signifi-
ant hydration of the mantle wedge further east, below the magmatic
rc (e.g. Gao et al., 2021; Schurr et al., 2006). Fluid ascent there
pparently occurs aseismically, which may be a consequence of the
hermal structure of the mantle wedge. The outer part of the mantle
edge could, however, receive hydration from the deepest part of the
late interface; upper plate seismicity above the deep part of the plate
nterface (Section 7) could indicate fluid ascent into the continental
rust from the deeper part of the plate interface (also seen south
f Mejillones Peninsula by Nippress and Rietbrock, 2007). Especially
n regions where low permeability above the interface may hinder
luid ascent into the upper plate, this should effect fluid migration in
owndip direction, into the outer ‘‘cold nose’’ of the mantle wedge.

According to larger-scale continental Moho maps (Fig. 21; Tassara
nd Echaurren, 2012; Assumpção et al., 2013) as well as geometries
etrieved from receiver function profiles (Yuan et al., 2000; Sodoudi
t al., 2011; Wölbern et al., 2009), the continental crust thins west of
he arc, which leads to a relatively narrow geometry of the outermost
antle wedge. Seismic attenuation in this outermost mantle wedge is

uite low (Schurr et al., 2006), in stark contrast to the part of the
antle wedge below the arc. Similar observations have been made in

ther subduction zones (e.g. Stachnik et al., 2004), and interpreted as
he formation of a ‘‘cold nose’’, an outermost part of the mantle wedge
hat is not part of the corner flow regime and thus cools over time, ac-
uiring a mineral composition and rheology distinct from its convecting
art (Abers et al., 2006; Syracuse et al., 2010). While this outer part of
he mantle wedge is strongly hydrated and thus serpentinized in young
nd warm subduction zones like Cascadia (e.g. Bostock et al., 2002), it
ay be comparatively dry in most other subduction zones (Abers et al.,
017). The seismic evidence from Northern Chile summarized above
ppears to be consistent with an intermediate serpentinization degree
hat is lower than in Cascadia. While the velocity contrast between con-
inental lower crust and mantle wedge, which is imaged with receiver
unctions, grows substantially less distinct towards the slab (Yuan et al.,
000; Wölbern et al., 2009; Sodoudi et al., 2011), no inverted Moho
ignaling strong serpentinization like in Cascadia (Bostock et al., 2002)
s imaged. The Salar de Atacama Block in the south of the study area
ppears to displace the outermost mantle wedge eastward and likely
as a strong effect on its geometry (Schurr and Rietbrock, 2004; Ślȩzak
t al., 2021), so that a substantially widened ‘‘cold nose’’ may exist in

ts vicinity.
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Fig. 21. Crustal thickness map of Northern Chile. The background map shows the
interpolated map of Assumpção et al. (2013), in the version modified by Rivadeneyra-
Vera et al. (2019). Circles represent the crustal thickness values that were used to
derive this map, compiled from a number of seismological studies (Dorbath et al.,
1993; Beck et al., 1996; Yuan et al., 2000, 2002; McGlashan et al., 2008; Wölbern
et al., 2009; Phillips et al., 2012; Heit et al., 2014; Ryan et al., 2016). The triangles
represent crustal thicknesses along the two receiver function profiles of Sodoudi et al.
(2011), as also shown in Fig. 14.

Lastly, Soto et al. (2019) observed a population of deep aftershocks
to the 2014 Iquique earthquake that occurred along the plate interface
at a depth beyond the main shock rupture (Section 4.4.2), and that
was separated from the remainder of the aftershock sequence by a
largely aseismic depth level in-between. Similar observations for the
2010 Maule earthquake (Lange et al., 2012; Rietbrock et al., 2012) were
interpreted as indicative of plate interface serpentinization, with an
along-dip change in the dominant serpentine mineral due to tempera-
ture from lizardite/chrysotile (velocity strengthening, thus aseismic) to
antigorite (Wang et al., 2020). While the population of deep aftershock
seismicity resides below the outermost mantle wedge in Central Chile, a
comparison to continental Moho geometries places it where continental
crust still overlies the plate interface in Northern Chile (Soto et al.,
2019). Liberated fluids from this region may thus rise into the upper
plate, and not into the mantle wedge.

7. The upper plate

7.1. Observations

The South American Plate in the latitude range 18–25◦S features
substantially thickened crust beneath and east of the Western
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Cordillera, where receiver function evidence shows crustal thicknesses
of ∼60–70 km (Fig. 21, Yuan et al., 2000, 2002). Most available cross
sections (Yuan et al., 2000; Wölbern et al., 2009; Sodoudi et al., 2011)
show a shallowing of the continental Moho beneath the Longitudinal
Valley and Coastal Cordillera, where crustal thicknesses of 50–55 km
have been retrieved (see Figs. 14 and 21). A similar trend is seen in the
seismic velocity images of Gao et al. (2021). The contact point between
continental Moho and the surface of the downgoing plate is not well
resolved by receiver functions, possibly due to serpentinization of the
outermost mantle wedge corner. The images of Sodoudi et al. (2011)
suggest a depth of 55 km for this contact point at a latitude of 20◦S,
while it is situated at somewhat shallower depth (50 km or below) at
22◦S. Available large-scale models of crustal thickness (e.g. Tassara
and Echaurren, 2012; Assumpção et al., 2013, Fig. 21), in contrast,
show more pronounced thinning of the continental crust towards the
coast. Evidence from seismic velocities (Husen et al., 2000) indicate
that while the mantle wedge corner should not be shallower than 50
km in large parts of the study area, it may be significantly shallower
under the Mejillones Peninsula (Schurr et al., 2012).

Seismicity in the upper plate shows significant variability along
strike of the study region (Fig. 22). In the north, crustal seismicity is
sparse except for the aftermath of the Iquique earthquake, where parts
of the foreshock sequence as well as the aftershock series occurred
in the upper plate (Schurr et al., 2014; Petersen et al., 2021; Soto
et al., 2019). Otherwise, background levels of upper plate seismicity
are low in the north (e.g. Comte et al., 1999), but the IPOC catalog
shows a few shallow clusters that are not related to any obvious
mining activity north of 20◦S (Fig. 23). Seismicity levels beneath the
onshore part of the upper plate increase southwards from about 20◦S
onwards (e.g. Bloch et al., 2014; Sippl et al., 2018; Herrera et al.,
2021), and reach a distinct maximum around 21.6◦S (Fig. 22), where
a wedge of background microseismicity in the entire continental crust,
extending all the way to the plate interface, is imaged (Figs. 14 and 22;
Sippl et al., 2018). While seismicity appears to be distributed through-
out the crustal volume here, a roughly E-W striking and steeply N-
dipping structure of increased seismicity concentration is seen around
21.5◦S at depths of 20–50 km. Further east, towards the Western
Cordillera, earthquake hypocenters become shallower, possibly follow-
ing isotherms (Bloch et al., 2014; Sippl et al., 2018; Herrera et al.,
2023a). South of about 21.7◦S, there is only very sparse upper plate
background seismicity of tectonic origin (Fig. 22; see also Husen et al.,
1999); all retrieved shallow earthquake clusters can be attributed to
mining-related activity (Fig. 5). To the southeast of where the IPOC
catalog has coverage, Graeber and Asch (1999) noted some deep crustal
earthquakes (hypocentral depths of up to 40 km) beneath the Salar
de Atacama. Several studies of aftershock sequences of major plate
interface earthquakes in the study area (Soto et al., 2019; Fuenzalida
et al., 2013; Pasten-Araya et al., 2021, for the 2014 Iquique, 2007
Tocopilla and 1995 Antofagasta earthquakes, respectively) have noted
that splay faults through the offshore crustal wedge, usually separating
Inner and Outer Wedge, get activated in the aftermath of large plate
interface events and retain a signature of elevated 𝑣𝑝∕𝑣𝑠 ratio in the
interseismic period (Pasten-Araya et al., 2021).

Earthquake focal mechanisms in the Northern Chile upper plate
show a systematic variation with longitude (Fig. 22b,c). Most of the off-
shore upper plate events have 𝑃 -axis orientations around E-W, whereas
events under the Coastal Cordillera and Longitudinal Valley rather
homogeneously show N-S oriented P-axes, either as strike-slip events
with potential rupture planes oriented NW-SE and NE-SW, or as thrust
events with E-W trending rupture planes. The observable onshore
stress field in the forearc is thus margin-parallel compression (Herrera
et al., 2021). Towards the Western Cordillera, P-axes again rotate to
an E-W orientation, showing compression (sub)parallel to the plate
convergence direction (Salazar et al., 2017; Herrera et al., 2021).
Only one study has published stress drop estimates for upper plate
events in Northern Chile to date, and the values retrieved in Herrera



JournalofSouthAmericanEarthSciences126(2023)104326

27

C.Sipplet
al.

Fig. 22. Summary of seismicity and seismic velocity structure of the upper plate forearc in Northern Chile. (a) Color-coded hypocenters of upper plate events (class UP) in the IPOC catalog, overlain onto the 20 km depth slice of the
tomography model of Gao et al. (2021). As in the original study, the tomography model is shown as 𝑣𝑠 determined from 𝑣𝑆𝑉 and 𝑣𝑆𝐻 using the Voigt average (Panning and Romanowicz, 2006), green contour lines mark the velocity
isolines at 3.25 and 3.75 km/s. (b) Epicenters (black circles) and lower-hemisphere projections of focal mechanisms (only double-couple part) from the compilation of Herrera et al. (2021) that comprises the years 2005–2017 (blue),
scaled by magnitude. Green focal mechanisms are from the 2001 Aroma earthquake sequence (Legrand et al., 2007), pink ones are taken from the GEOFON database. Red frame shows the extent of Fig. 23. (c) 𝑃 -axis orientations from
the focal mechanisms in subfigure (b), with the length of each bar representing the dip angle of the P axis as shown in the legend. Blue axes are oriented closer to E-W, red axes closer to N-S. (d) Projection of all hypocenters onto a
single latitudinal plane. (e) Temporal evolution of upper plate seismicity, shown in a latitude vs. time plot.
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Fig. 23. Zoom-in to the region marked with a red square in Fig. 22b. Shown are epicenters color-coded by hypocentral depth, plotted on top of a topography relief map, and
beachballs that show the lower-hemisphere projection of focal mechanisms. Locations were taken from the IPOC catalog, the focal mechanisms are from Herrera et al. (2021).
Dark green stars mark the location of the 2001 𝑀𝑤 6.3 Aroma earthquake and its largest aftershock, their locations and focal mechanisms were taken from Legrand et al. (2007).
Colored ellipses mark the different event clusters and are mirrored in the beachball coloring. The bottom panel is a longitude-time plot that visualizes the temporal activity patterns
in the area. Colored frames correspond to the clusters marked in the upper panel.
et al. (2023a) for the 2008 Pica earthquake (see below) and its larger
aftershocks are very high (40–100 MPa; 255 MPa for the main shock).
However, ongoing studies that analyze larger amounts of upper plate
events obtain much lower values, which are lower than intraslab events
28
(∼10 MPa; G.M. Bocchini, pers. comm., 2022) or even comparable to
interplate events (2–4 MPa; J. Folesky, pers. comm., 2022). B-values of
upper plate seismicity were found to be quite high (b > 1; Hainzl et al.,
2019), but it is unclear to what degree this result may have been biased
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Fig. 24. Upper plate seismicity and mechanisms between 20 and 22◦S. (a) Epicenters color-coded for hypocentral depths as well as lower-hemisphere projections of focal mechanisms
plotted atop a topographic map. Locations are from the IPOC catalog, focal mechanisms in blue from Herrera et al. (2021). The green mechanism is the 2008 𝑀𝑤 5.7 Pica earthquake,
taken from Herrera et al. (2023a), the purple one the 2020 𝑀𝑤6.2 Rio Loa earthquake taken from Tassara et al. (2022). (b) Latitude vs. time plot, with the aftershock sequences
of the Pica and Rio Loa events highlighted by green and purple boxes, respectively. (c) W-E profile through the location of the 2020 Rio Loa earthquake. Red circles highlight
hypocenters of events occurring within 20 days after the main event. Dashed lines mark the approximate locations of the plate interface (blue), upper (green) and lower (purple)
plane of the DSZ. (d) Zoom into the region marked by a red box in subfigure (a), showing only those events that are contained in the profile projection of subfigure e. The blue
line marks the profile orientation (perpendicular to the rupture plane as determined by Tassara et al. (2022)), red circles again mark events within 20 days after the main event.
(e) Profile projection as outlined in subfigure (d).
by the inclusion of mining-related events. A previous study (Legrand
et al., 2012) found values <1, but likely analyzed different events situ-
ated further east than most of the upper plate seismicity we retrieved
here.

While most of the upper plate seismicity in Northern Chile through-
out the last 15 years resembles constant background activity (Fig. 22e),
some notable event sequences have been registered. To the north of
20◦S, several clusters of very shallow upper plate events have been
identified (Fig. 23). While located in immediate vicinity of each other,
they show clear differences in the timing of their activity as well as
in their focal mechanisms. The westernmost of these clusters (marked
red in Fig. 23a) was constantly active throughout the observation time
of the IPOC deployment. The location and dominant focal mechanism
type (strike-slip events with one plane oriented SSW-NNE; E-W to ENE-
WSW oriented P-axes) of events in this cluster are consistent with the
2001 𝑀𝑤 6.3 Aroma earthquake (Legrand et al., 2007). The remainder
of clusters is located somewhat further east, and only showed short
bursts of activity in the years 2007 (blue), 2008 (pink, orange and
gray), 2009/2010 (yellow), 2011 (green) and 2014 (light blue). While
the available focal mechanisms (from Herrera et al., 2021) show some
29
scatter, it is still evident that there are two groups of dominant mecha-
nisms between clusters. While all clusters show predominantly (but not
exclusively) strike-slip mechanisms, the red and light blue cluster are
dominated by events with E-W oriented P-axes, whereas the clusters
east of this (blue, orange, pink, gray) show P-axes largely oriented N-S.

South of 20◦S, background seismicity levels increase significantly,
and events are largely situated deeper in the continental crust, all the
way down to the plate interface (Fig. 22). In the last 15 years, two
larger events occurred within this ‘‘cloud’’ of background seismicity,
each of them creating its own aftershock sequence. The 2008 Pica
earthquake (𝑀𝑤 5.7; green beachball in Fig. 24) occurred at a depth
of 33 km and featured a strike-slip mechanism with N-S trending 𝑃 -
axis, thus corresponding well to the regional stress field (Fig. 22). The
locations and mechanisms of the aftershock sequence indicate that the
NW-striking plane was likely the rupture plane (Herrera et al., 2023a).
The 2020 Rio Loa earthquake (𝑀𝑤 6.2; Fig. 24) featured a very similar
focal mechanism (Tassara et al., 2022) and occurred at a depth of
∼45 km close to the southern termination of the pervasive crustal
activity (Fig. 22). González et al. (2021) linked this earthquake to the
deep continuation of the E-W striking Cerro Aguirre fault zone, whose
surface expression is located just south of Rio Loa.
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A wide range of seismic tomography studies has shown that the
Northern Chilean forearc crust generally features low attenuation (𝑄𝑝 ≥
1000), homogeneously fast P- and S-wavespeeds as well as moderate
𝑣𝑝∕𝑣𝑠 around 1.72 (e.g. Husen et al., 2000; Haberland and Rietbrock,
2001; Schurr et al., 2003, 2006; Koulakov et al., 2006; Ward et al.,
2013; Gao et al., 2021). 𝑣𝑝∕𝑣𝑠 is significantly decreased directly above
the plate interface (Husen et al., 2000; Comte et al., 2016), and shallow
crustal seismic velocities appear to be subtly higher under the Coastal
Cordillera compared to the Longitudinal Valley (Masson et al., 2000).
Towards the Western Cordillera and the magmatic arc, 𝑣𝑝 and 𝑣𝑠
decrease substantially (𝑣𝑠 ∼ 3.25 instead of 3.6–4 km/s at 15–20 km
depth; see Ward et al., 2013; Gao et al., 2021), while 𝑣𝑝∕𝑣𝑠 increases
to values in excess of 1.8 (Schurr et al., 2006). Attenuation beneath
the magmatic arc is substantially elevated, with 𝑄𝑝 ∼ 100–150 (Schurr
t al., 2003; Haberland and Rietbrock, 2001).

There are a number of along-strike variations and specific anomalies
hat modify this overall picture. The low-𝑣𝑠 (and thus high 𝑣𝑝∕𝑣𝑠)
nomaly beneath the magmatic arc appears to be interrupted or at least
trongly reduced in amplitude at latitudes of about 20–21◦S (where
he Pica Volcanic Gap is located) as well as around 24◦S (Ward et al.,
013; Gao et al., 2021), whereas the lowest S-wavespeeds are detected
nder the arc between 21.5 and 23◦S (Gao et al., 2021). The results
f Comte et al. (2016) show a very different picture of a stronger high-
𝑝∕𝑣𝑠 anomaly north of 21◦S than south of this latitude, which may
e an artifact due to the highly unbalanced event distribution used
n this study. At around 24◦S, the crust below the Salar de Atacama
asin shows high seismic wavespeeds and very low attenuation (𝑄𝑝 ∼
000) all the way to the continental Moho, which displaces the low-
elocity, high-attenuation and high-𝑣𝑝∕𝑣𝑠 anomaly beneath the Western
ordillera to the east (Schurr and Rietbrock, 2004; Schurr et al., 2006;
ao et al., 2021). At 21◦S, a strong low-𝑣𝑝, low-𝑣𝑠 and high-𝑣𝑝∕𝑣𝑠-
nomaly is imaged in the upper and middle crust just east of 69◦W (Heit
t al., 2008; Koulakov et al., 2006), where an area of significantly
ncreased reflectivity has been imaged with active seismic methods (the
uebrada Blanca Bright Spot; see ANCORP working group, 1999; On-
ken et al., 2003; Yoon et al., 2009; Storch et al., 2016). To the south,
egions of decreased 𝑣𝑝 and elevated 𝑣𝑝∕𝑣𝑠 were shown in the upper

plate crust directly above the plate interface around the Mejillones
Peninsula (Husen et al., 2000; Pasten-Araya et al., 2018, 2021).

Anisotropy observations from S-wave splitting using local intraslab
earthquakes show fast directions mainly oriented in trench-parallel
directions (Reiss et al., 2018) in the onshore part of the upper plate
crust. In contrast, fast directions from an anisotropic tomography study
using local earthquakes shows a pattern of fast directions that is radially
converging to (or diverging from) the approximate epicenter of the
2014 Iquique earthquake (Huang et al., 2019). Since this pattern is
located mostly offshore, the last two observations do not stand in direct
contrast to each other.

7.2. Implications and processes

7.2.1. Link between seismicity and active geological structures in the forearc
In the geological record of the Northern Chile forearc, the most

prominent structure is the Atacama Fault System (AFS) west of the
Western Cordillera, which is a Mesozoic left-lateral strike-slip sys-
tem (e.g. Scheuber and Andriessen, 1990; Cembrano et al., 2005).
Geologically recent motion along the AFS appears to have accommo-
dated mainly E-W extension (Delouis et al., 1998; Loveless et al., 2010),
which has led to the assumption that the Northern Chile forearc is
currently E-W extensive (e.g. Delouis et al., 1998; Metcalf and Kapp,
2015). Whether the current large-scale kinematics of the AFS are
indeed extensional is, however, far from established, and it has been
suggested that some fault systems in the region may reverse their fault
slip directions through different stages of the seismic cycle (Shirzaei
et al., 2012). Microseismicity along the AFS or along similarly oriented
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structures is absent in the IPOC catalog, which is significant as these
features have been inferred to have produced the largest crustal pale-
oearthquakes in the region based on geomorphological analyses (e.g.
González et al., 2006; Allmendinger and González, 2010; Ewiak et al.,
2015). More focused short-term deployments close to the trace of the
AFS (e.g. Comte et al., 1994) also failed to identify any crustal events
there. Moreover, we observe a complete absence of normal faulting
crustal events in the published focal mechanism solutions (Fig. 22).
Only Metcalf and Kapp (2015) reported a few crustal normal-faulting
events in the 1990s, which featured N-S striking rupture planes. As
these events were taken from global catalogs, we do not know how
reliable their depth and thus their classification as upper plate events
is.

The vast majority of current microseismicity in the Northern Chile
upper plate have strike-slip or reverse mechanisms, and their P-axes
trend roughly north-south under the Coastal Cordillera, then switch
to a more E-W orientation towards the Western Cordillera (Fig. 22;
Herrera et al., 2021). At least the former observation is surprising,
since geological studies have claimed that the Northern Chile forearc
is E-W extensive, whereas geodetic evidence (e.g. Li et al., 2015)
appears to indicate a prevalence of E-W compression throughout the
forearc. Globally, most forearcs are either under margin-perpendicular
compression or extension, and can shift from one to the other in the
wake of a large earthquake (e.g. after the 2010 Maule earthquake
in Central Chile; Farías et al., 2011). The observed margin-parallel
compression in Northern Chile may be related to the convex shape of
the subduction zone (McCaffrey, 1992, 1996), which describes a sharp
turn towards the west just north of the study region (the Arica Bend).
Thus, the symmetry plane through the entire Andean orogen would run
through the region we investigate in a SSW-NNE direction (Gephart,
1994). A number of E-W striking compressional surface structures have
been described in the Northern Chile forearc (Allmendinger et al., 2005;
Allmendinger and González, 2010), among them the Cerro Aguirre
Fault System to the south of the Rio Loa (González et al., 2021). These
may well be the surface expressions of faults that accommodate the
observed N-S compression.

7.2.2. Fluid-driven crustal seismicity?
The vast majority of the observed upper plate seismicity, however,

does not appear to occur along discrete planes reminiscent of faults,
but forms a diffuse cloud at depths below about 25 km in a tightly
defined latitudinal range (Figs. 14 and 22). Seismicity is clearly limited
by the thermal structure of the upper plate, occurring where the pres-
ence of the underlying slab effects cold temperatures (<300–350 ◦C)
throughout the continental crust (see Fig. 19; Bloch et al., 2014; Sippl
et al., 2018; Herrera et al., 2023a). Seismicity density is highest directly
above the plate interface and decreases upwards, so that the shallow
crust (uppermost 10–15 km) is largely aseismic (see e.g. Fig. 7, profile
at 21.5◦S). This could imply that fluid ascent from the plate interface
into the upper plate is responsible for the cloud of crustal seismicity
in the center of the study region (as suggested by Bloch et al., 2014).
Observations of crustal seismicity south of Mejillones Peninsula after
the 1995 Antofagasta earthquake (Nippress and Rietbrock, 2007) were
likewise interpreted as due to fluid ascent, possibly facilitated by the
breaking of a permeability barrier above the plate interface due to the
main shock rupture (Husen and Kissling, 2001). Such a mechanism
gives a natural explanation for the lack of clear structures outlined by
the seismicity, and as hydration would occur from below, the upward
decrease of seismicity rate could be a consequence of less fluid reaching
regions further from the plate interface. The earthquake sequence of
the 2020 Rio Loa earthquake, shown in Fig. 24 and described in
more detail in Section 7.1 and in published studies (González et al.,
2021; Tassara et al., 2022), may illustrate these processes. The M6.2
main shock originated in immediate vicinity of the plate interface, but
its focal mechanism as well as the plane outlined by the aftershock
locations clearly show that it occurred along a steeply dipping structure

that penetrates from the plate interface into the upper plate. This
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earthquake sequence may thus have occurred through hydrofracture
due to infiltration of water from below (e.g. Miller, 2013). At least in
some cases, large non-double couple contributions (≥15%–20%) to the
moment tensor were observed for earthquakes with such an origin (e.g.
Miller et al., 1998; Vavryčuk and Hrubcová, 2017; Wang et al., 2018),
which were not observed here (Tassara et al., 2022).

Pervasive excess hydration of one forearc segment compared to
neighboring regions should create a signature of increased 𝑣𝑝/𝑣𝑠 ratio
and high attenuation there. Published studies (e.g. Comte et al., 2016;
Gao et al., 2021) do not show a clear difference in crustal velocity
or attenuation structure between the latitudinal extent of the crustal
seismicity (∼20–21.6◦S) and the regions to the north and south of
this segment. Previous studies, which mostly focussed on active and
passive seismic transects collected along 21◦S, have inferred strong
dehydration from the downgoing slab at this latitude as visible in
increased 𝑣𝑝/𝑣𝑠 and strong reflectivity at slab depths (the ‘‘Nazca
reflector’’, see e.g. ANCORP working group, 1999; Oncken et al., 2003),
but inferred a connection of the liberated fluids to the ‘‘Quebrada
Blanca Bright Spot’’, a region of significantly increased reflectivity and
𝑣𝑝/𝑣𝑠 in the shallow and deeper crust further east, in close proximity to
the Western Cordillera (e.g. Koulakov et al., 2006). There, no anoma-
lous concentration of potentially fluid-related earthquakes has been
observed, although strong mining activity in the area (see e.g. Fig. 14,
profile at 21◦S) may obscure some such events. We think that while
the strongest slab dehydration clearly occurs beneath the arc (see
Section 5), where it creates a clear signature in tomographic images of
the mantle wedge as well as in the overlying upper plate crust, upper
plate seismicity in the forearc may be driven by the comparatively less
intense dehydration of the slab at shallower depths (40–80 km). The
wedge-shaped cloud of seismicity we observe is situated where the slab
shows a clear DSZ (Fig. 7), which hints at stronger dehydration than
elsewhere along-strike (see also Section 8.1). Moreover, temperatures
are low throughout the upper plate crust here (see isotherms in Fig. 19)
due to thermal shielding by the underlying slab, which enables brittle
rock failure down to the plate interface. This stands in contrast to
the sub-arc region further east, where excessive hydration has been
inferred, but temperatures likely reach 300–350 ◦C at depths as shallow
as 10–15 km, so that brittle failure in the deeper parts of the upper
plate, where fluid ascent should occur, is prevented. Alternatively, the
geometry of background upper plate seismicity could also be controlled
not by fluids, but by the forearc’s stress distribution, which should be
prescribed by processes on the megathrust (e.g. Dielforder et al., 2023).

8. Discussion

8.1. Spatial connections between seismicity populations

Fig. 25 shows event density plots of different seismicity popula-
tions, which illuminate event concentrations better than the map view
point plot in Fig. 6. Looking only at intraslab seismicity from the
intermediate-depth cluster, the density plot shows the excess activity
in the rupture area of the 2005 Tarapacá earthquake, most of which
occurred in the earlier part of the catalog (see Fig. 17). Elsewhere, the
highest event densities in the slab are found between ∼20.7 and 21.7◦S,
where three clusters of high event density are separated by completely
aseismic gaps. Along those gaps, lateral offsets in the longitudinal
onset and termination of seismicity as well as the depth range are
observed (Fig. 25; Sippl et al., 2018). When only visualizing seismicity
deep within the slab, only two clusters separated by an aseismic gap
are imaged. When looking at the lower plane of the DSZ (population
P3), the map view density plot shows a peculiar distribution with three
linear features that roughly strike in downdip direction, as well as an
along-margin streak that is situated just beneath the coastline (Fig. 25;
upper right panel). Elsewhere, the lower plane of the DSZ is largely
absent. Seismicity in the upper plate, lastly, is densest between about
20.7 and 21.6◦S, where it mostly occurs at large depths, closer to the
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plate interface than to the surface (Figs. 22 and 25). The clusters to the
NE are shallow (see Fig. 23), whereas the upper plate seismicity related
to the 2014 Iquique earthquake in the northern part of the study area
is much more diffuse.

When plotted together, the different distributions show a number of
interesting spatial connections. The downdip oriented linear trends of
active features in the lower DSZ plane line up with the event clusters at
intermediate depth further downdip, and the gaps separating them are
likewise continuous in downdip direction (Fig. 25, lower panel). The
concentration of deep upper plate seismicity around 20.7–21.6◦S, in
turn, is located vertically above where seismicity in the lower plane of
the DSZ is most vigorous, although it does not follow the coast-parallel
streak of P3 seismicity to the south. Taken together, these observations
can be interpreted as evidence for increased fluid production and ascent
along sharp and geometrically complex features in the downgoing
plate, which may then lead to increased fluid ascent into the upper
plate. We further observe that the position of the locking low on the
plate interface that separates the Camarones and Loa segments (Fig. 8)
and coincides with the southern termination of the Iquique earthquake
sequence ruptures is likewise located around 21◦S. As plate interface
ocking has been shown to be anti-correlated with pore fluid pressure
n the megathrust (Moreno et al., 2014), enhanced fluid processes in
his latitude range could be an explanation for the observed potential
eismic barrier. It is widely assumed that the hydration of the downgo-
ng plate is enhanced along seafloor features such as fracture zones or
idges (e.g. Kopp et al., 2004; Contreras-Reyes et al., 2008), because the
ore strongly fractured anomalous oceanic crust and uppermost mantle

ithosphere around such features offers more and deeper extending
athways for the infiltration of water. Since intermediate-depth earth-
uakes are a consequence of slab dehydration, their occurrence and rate
hould directly depend on the degree of hydration in the downgoing
late, so that one would expect high seismicity rates where features
ith excess hydration are subducted. Increased seismicity rates along

he prolongations of currently subducted features have previously been
eported (Kirby et al., 1996; Baillard et al., 2018), but these studies
ad significantly lower resolution, so that possible detailed signatures
f subducted oceanic features in the seismicity geometries were not
btained.

We think that the subduction of an unusual piece of oceanic litho-
phere is the cause of the prominent along-strike changes in seismicity
hat we observe. This subducted feature does likely not correspond to
he Iquique Ridge, which is situated further north and has a signifi-
antly different strike direction (Fig. 1), but appears to be discontinuous
o today’s seafloor patterns. Seismicity observations show that the
nferred subducted feature has much higher activity rates in the deeper
arts of the slab, i.e. at depths of more than ∼15–17 km beneath the
lab surface (Fig. 25), hinting at elevated hydration of the slab to deep
epths. The observation that seismicity in the deep upper plate crust
s confined to the same along-strike extent as the suspected subducted
eature is a further indicator of enhanced fluid processes along this
arrow region. As discussed in Section 7.2, the diffuse upper plate
eismicity between 20.7 and 21.6◦S could well be related to fluid
nflux from below, and Fig. 25 shows that its distribution lines up
ather well with underlying clusters of lower-plane (P3) seismicity.
hat the linear streak of lower plane events that extends further south
long the coastline is not accompanied by more upper plate seismicity
ould be a consequence of a lateral change in the permeability of the
late interface. The material directly above the plate interface is often
magined to form an impermeable seal, which prevents fluid influx into
he upper plate unless it is broken (e.g. Husen and Kissling, 2001).
ngoing processes south of 21.6◦S (see Section 4) may well have led

o an intact seal in this region, whereas it could be less intact where
e observe widespread lower crustal seismicity.

It is also worth noting that although a large number of ridges
nd fracture zones are currently being subducted along the Chilean

argin (e.g. Contreras-Reyes and Carrizo, 2011), the seismicity features
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Fig. 25. Map view plots of event density for the different event classes. Due to the widely different seismicity rates, we chose different scales for the different classes, as well as
a finer grid for the intermediate-depth events (ID). The upper panel shows (left) all ID events, (middle) only ID events in the deep part of the slab, i.e. situated >17 km below
the slab surface as defined by the IPOC slab model, and (right) only events in the lower plane of the DSZ (P3). In the lower panel, we show upper plate events (UP; left), as well
as overlays between ID and P3 (middle) and ID, P3 and UP (right).
observed around 21◦S both at depth and in the upper plate appear to
be unique along the entire margin. Although the rate of intraslab seis-
micity varies along strike, similar intraslab seismicity rates or diffuse
clouds of deep crustal seismicity have not been observed elsewhere (e.g.
Barrientos, 2018).

8.2. Comparison latest interseismic to postseismic phase of Iquique earth-
quake

With the Iquique earthquake sequence (Section 4.4.2) situated
around the middle of our 15 years of seismicity catalog, we can
investigate the impact of a major megathrust earthquake onto the
different parts of the forearc by comparing the seismicity before and
after the Iquique sequence. In Fig. 26, event rates for plate interface
seismicity throughout the 15 years (subfigure a) as well as around the
Iquique earthquake sequence (subfigure b) are shown. It can be seen
that event rates are not drastically different before and after the Iquique
sequence, and that event rates similar to before the sequence are
reached again approximately 1.5 years after the Iquique main shock.
We thus subdivide the catalog into three time slices: before the Iquique
sequence (until January 1st, 2014), the Iquique sequence itself (years
2014 and 2015) as well as after the Iquique sequence (after January
32
1st, 2016). These phases may correspond to the latest interseismic,
postseismic and earliest interseismic stage of the seismic cycle along
this part of the Northern Chile subduction zone. Fig. 27 shows the
distributions of plate interface, upper plate and intraslab seismicity for
the region around the Iquique earthquake in these three phases.

Plate interface seismicity before the Iquique sequence is mainly
located in the deeper parts of the megathrust. A half-circle of seis-
micity, more clearly visible on the northern than on the southern
side, surrounds the later main shock slip. This feature, discussed in
detail in Schurr et al. (2020), likely reflects stress accumulation at the
downdip edge of a locked asperity. Most of the Iquique earthquake
sequence seismicity, including foreshocks (e.g. Cesca et al., 2016; Kato
et al., 2016) as well as aftershocks (e.g. Soto et al., 2019; Petersen et al.,
2021), occurred in the shallower part of the plate interface, updip of
the main shock rupture. While parts of the deeper interface were also
activated, the region of main shock slip itself shows low seismicity
levels. The post-Iquique distribution of plate interface seismicity is
markedly different from the time interval before the main shock. The
half-‘‘Mogi doughnut’’ around the main shock slip has disappeared, in-
dicating that the asperity that ruptured during the Iquique earthquake
has released a large part of the stress that had been accumulated before.
Although it may have transitioned back to a locked state again, stress
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Fig. 26. Event numbers of plate interface seismicity between 19 and 21◦S, within a ten-day moving window. (a) Overall event rates for the entire analyzed timespan. The red box
corresponds to the zoom-in shown in subfigure (b). (b) Zoom into the time period just after the Iquique earthquake, showing the transition from an exponential decay in event
numbers with time following the Omori law (green line) to a stable background rate roughly equivalent to pre-main shock levels (red line).

Fig. 27. Comparison of seismicity distributions of different event populations through time. Plate interface seismicity (upper row), upper plate (center row) as well as intraslab
seismicity (lower row) between 19 and 21◦S are compared for the time periods before, during and after the Iquique sequence. While hypocenters are visualized with hollow circles
for plate interface (blue) and upper plate (magenta) events, intraslab events are shown with a color scale for event density to accommodate the much higher event numbers there.
Blue, green, yellow, orange and red contour lines correspond to slip contours of the 2014 Iquique earthquake (2, 4, 6, 8 and 10 m of slip according to the model of Duputel et al.,
2015).
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Fig. 28. Analysis of event numbers (right column) and moment release (left column) for the entire catalog (a) as well as the preparatory phase of the Iquique earthquake (b).
Following the plots in Bouchon et al. (2016) and Jara et al. (2017), we show intraslab earthquakes with the blue curve and plate interface earthquakes with the red curve. We
limited our analysis to the along-strike region between 18.5 and 21◦S, and excluded the 𝑀𝑤 8.1 Iquique main shock as well as the 𝑀𝑤 7.6 aftershock from the moment summation.

nly events with magnitudes larger than 𝑀𝑐 were included in the analysis. The left plot in (b) is similar to Figure 3 in Bouchon et al. (2016), and the cyan markers show to time
eriods where they inferred interaction between the slab and the plate interface seismicity.
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evels that could trigger microseismicity at its downdip edge have not
een reached again yet. Moreover, the region updip of the main shock
ontinues to be more active than before 2014, which could indicate
hat postseismic processes continue to be active in this time period,
lthough overall seismicity rates on the plate interface have returned
o interseismic levels.

Seismicity in the upper plate shows less dramatic changes through
ime. During the Iquique sequence, there is increased upper plate
eismicity offshore, corresponding to the observation that parts of the
oreshock and aftershock sequences occurred above the plate inter-
ace (e.g. Ruiz et al., 2019; Petersen et al., 2021). Some of the shallow
lusters of seismicity around 69◦W were only active in the earlier part
f the analyzed time interval, but this activity is unlikely to be related
o processes along the megathrust. Lastly, there does not appear to
e any major change in the geometry and distribution of intraslab
eismicity over time. The only clearly observable trend is the slow
ecay of activity around 20◦S, where the Tarapacá earthquake had
ccurred in 2005 (see Figs. 17 and 25).
34
.3. Possible links between intraslab and plate interface processes

It is a matter of debate how and to what degree processes inside the
owngoing slab and on the plate interface are coupled, and how these
ifferent regions interact. A number of large megathrust earthquakes
ave been preceded by large intermediate-depth earthquakes in the
ame region years to few decades before, just like the 2005 Tarapacá
arthquake preceded the 2014 Iquique earthquake by ∼9 years. Such

observations could be explained as the initiation of (precursory) slip on
the plate interface through processes in the slab (e.g. Dmowska et al.,
1988), which eventually leads to the rupture of the megathrust further
updip. If and how such direct interaction occurs is not well known to
date.

Bouchon et al. (2016) and Jara et al. (2017) have proposed direct
interactions between intraslab and plate interface events in Northern
Chile around the time of the 2014 Iquique earthquake. While the for-
mer study presented evidence for correlated moment release between
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slab and plate interface during the precursory phase of the Iquique
earthquake, the latter study analyzed event rates over a longer time
period, and concluded that the 2005 Tarapacá earthquake increased
event rates of both intraslab and interface events leading to the 2014
Iquique event, which effected relative quiescence across both domains.
As the aforementioned studies used global catalogs and thus operated
with rather low event numbers and high location uncertainties, we
performed a similar analysis with our much more complete catalog.

Fig. 28a shows plots of moment release and seismicity rates for
the entire time period, whereas Fig. 28b presents a zoom-in onto the
precursory phase of the Iquique earthquake. Since our catalog does not
extend back to the 2005 Tarapacá earthquake, we cannot evaluate what
changes to the different seismicity rates this earthquake may have had.
We clearly do not see a sudden decrease in intraslab seismicity after the
Iquique earthquake, as stated in Jara et al. (2017). Both moment release
and event rates show a slight decrease between earlier times (roughly
2007–2011) and later times, likely due to the previously mentioned
long-term decay of seismicity in the years after the 2005 Tarapacá
earthquake. The occurrence of the Iquique earthquake in 2014 does not
appear to alter intraslab seismicity rates, moment release or seismicity
distribution (see Fig. 27) in a significant way. Analyzing ISC data as
well as the catalog of Sippl et al. (2018), Wimpenny et al. (2022)
likewise concluded that there is no robust evidence for changes in event
rates of intermediate-depth earthquakes coinciding with or caused by
the Iquique earthquake.

Using our more complete catalog to focus on the precursory phase
of the Iquique earthquake, we re-create the plot of Bouchon et al.
(2016) (Fig. 28b, left) while also analyzing event rates (right subplot).
Event rates in the slab do not show significant variations throughout
the plotted time interval. When looking at moment release, we see
that while some large plate interface events indeed occurred in close
temporal proximity to larger intraslab events, the correlation is much
less straightforward than what is shown in Bouchon et al. (2016). This
is likely due to the use of very low event numbers in this paper (∼8 plate
interface events in total), combined with an arbitrary choice of cut-off
magnitudes (M > 4 for plate interface but not intraslab events). While
the occurrence of a large M6 intermediate-depth event just downdip of
the later megathrust rupture on the day before the Iquique main shock
is indeed intriguing, we do not consider the evidence for the proposed
correlated seismicity bursts during the preparatory phase convincing.
While we do not rule out possible triggering effects between intraslab
and plate interface earthquakes, we think that there is not much
compelling evidence for their occurrence in the time preceding the
Iquique earthquake.

9. Conclusions

15 years of permanent seismic and geodetic monitoring of the
Northern Chile forearc have provided a wealth of data, which have
helped to considerably advance our understanding of ongoing processes
throughout the different regions of a subduction margin.

The Northern Chile megathrust was the site of two major earth-
quakes during this 15-year period. Especially the 2014 𝑀𝑤 8.1 Iquique
arthquake, for which dense monitoring networks have been in place
uring the preparatory phase as well as during and after the main
hock, has provided the community with new insights about how large
egathrust earthquakes nucleate, and what precursory seismic and

seismic signals they may create. At least the region south of the 2014
quique ruptures remains a mature seismic gap, in which another large
egathrust earthquake is likely to occur within the next decades. In

pite of the large aftershock series of the Iquique and Tocopilla events,
he vast majority of seismicity in Northern Chile occurs at interme-
iate depths (∼80–130 km) and is linked to dehydration reactions
nside the downgoing oceanic crust and mantle lithosphere. Along-
trike variations in seismicity rate as well as geometry appear to be
inked to structural features of the downgoing Nazca Plate, and the
35
patial variability of liberated fluids may condition the occurrence of
eismicity in the upper plate as well as the coupling structure of the
egathrust.

Thus, the presented seismological observations demonstrate that
e cannot fully understand any constituent part of the subduction

ystem in isolation, but must strive to better resolve and understand
he sometimes complex interaction between the different realms. The
arge amount of knowledge on Northern Chile that has been acquired
ver the past 15 years only begins to show us what links between
he different parts of the subduction system, megathrust, upper and
ower plate as well as mantle wedge, may control or influence our
bservations.
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