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S U M M A R Y
The 2014 April 1, Mw 8.1 Iquique (Chile) earthquake struck in the Northern Chile seismic
gap. With a rupture length of less than 200 km, it left unbroken large segments of the former
gap. Early studies were able to model the main rupture features but results are ambiguous
with respect to the role of aseismic slip and left open questions on the remaining hazard at
the Northern Chile gap. A striking observation of the 2014 earthquake has been its extensive
preparation phase, with more than 1300 events with magnitude above ML 3, occurring during
the 15 months preceding the main shock. Increasing seismicity rates and observed peak
magnitudes accompanied the last three weeks before the main shock. Thanks to the large
data sets of regional recordings, we assess the precursor activity, compare foreshocks and
aftershocks and model rupture preparation and rupture effects. To tackle inversion challenges
for moderate events with an asymmetric network geometry, we use full waveforms techniques
to locate events, map the seismicity rate and derive source parameters, obtaining moment
tensors for more than 300 events (magnitudes Mw 4.0–8.1) in the period 2013 January 1–2014
April 30. This unique data set of fore- and aftershocks is investigated to distinguish rupture
process models and models of strain and stress rotation during an earthquake. Results indicate
that the spatial distributions of foreshocks delineated the shallower part of the rupture areas of
the main shock and its largest aftershock, well matching the spatial extension of the aftershocks
cloud. Most moment tensors correspond to almost pure double couple thrust mechanisms,
consistent with the slab orientation. Whereas no significant differences are observed among
thrust mechanisms in different areas, nor among thrust foreshocks and aftershocks, the early
aftershock sequence is characterized by the presence of normal fault mechanisms, striking
parallel to the trench but dipping westward. These events likely occurred in the shallow wedge
structure close to the slab interface and are consequence of the increased extensional stress in
this region after the largest events. The overall stress inversion result suggests a minor stress
rotation after the main shock, but a significant release of the deviatoric stress. The temporal
change in the distribution of focal mechanisms can also be explained in terms of the spatial
heterogeneity of the stress field: under such interpretation, the potential of a large megathrust
earthquake breaking a larger segment offshore Northern Chile remains high.

Key words: Earthquake source observations; South America.

1 I N T RO D U C T I O N

On 2014 April 1, at 23:46:49.9 UTC the Mw 8.1 Iquique earth-
quake struck offshore Northern Chile at 70.73◦ Lon. W, 19.59◦

Lat. S and at 34 km depth (GEOFON catalogue). This earthquake

partially filled the known Northern Chile seismic gap, which lasted
137 yr since the 1877 Mw 8 Iquique earthquake (Nishenko 1985;
Lomnitz 2004; Metois et al. 2013). The main shock was followed
on 2014 April 3, by a large aftershock (Mw 7.6), whose epicentre
was located about 110 km SSE of the main shock. A first analysis
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of the rupture process of the main shock and its largest aftershock
have been discussed in Schurr et al. (2014), using a combination of
GPS, accelerometer and broad-band data. Results indicated that the
rupture areas broken by these earthquakes had an overall length of
about 150–200 km, and only affected the central part of the former
seismic gap. For both earthquakes, the rupture nucleated at shallow
depth and propagated downdip, towards a region of higher locking.
Hayes et al. (2014) relocated and derived source models for the main
shocks and a subset of the foreshocks and aftershocks. Both studies
agreed that the potential for further large megathrust earthquakes
in Northern Chile remains high, and that the 2014 sequence only
released a part of the accumulated strain. A striking observation on
the 2014 Iquique earthquake sequence is the increase in seismic ac-
tivity, which took place in the months prior to the main shock (Ruiz
et al. 2014). However, the potential triggering role played by the
foreshock is still debated (Bürgmann 2014; Ruiz et al. 2014; Schurr
et al. 2014). In particular, it remains controversial whether the defor-
mation data confirm that the foreshock seismicity was accompanied
by aseismic slip (Bürgmann 2014), with different studies assigning
the surface displacements measured by GPS during the foreshocks
time mostly to the foreshock activity (Schurr et al. 2014; Bedford
et al. 2015) or strongly involving an aseismic slow slip process (Ruiz
et al. 2014). A slow slip was independently supported by Kato &
Nakagawa (2014) and Meng et al. (2015), upon the detection of
repeating events and the observation of episodes of slow epicentral
migration. The interpretation of foreshock seismicity and aseismic
slip at the Iquique rupture area has important implications towards
the assessment of future rupture scenarios offshore Northern Chile.
According to Schurr et al. (2014), the slip deficit at the rupture area
of the 2014 sequence was only partially reduced, decreasing the
probability of a large future earthquake along the former gap, but
not implying that this region will act as a barrier for future large
earthquakes. If, in change, the surface displacement was larger and
mostly accommodated through a slow aseismic slip (Ruiz et al.
2014), the estimated slip deficit would be smaller and future rup-
ture scenarios could more likely affect shorter segments towards
north, in the Arica region and/or south, between the rupture area of
the 2014 Iquique and 2007 Tocopilla earthquakes.

The availability of more than 150 earthquakes with magnitude
above ML 4 (GEOFON catalogue) in the epicentral region (here
22◦–18◦ Lat. S, 68◦–72◦ Lon. W, depths shallower than 80 km)
from 2013 January 1 until 2014 March 31 (the day before the main
shock), and the large aftershock sequence, provides an excellent data
set to study the temporal variation of seismicity parameters. The aim
of this paper is to evaluate spatial and temporal changes of seismic
source parameters, with a particular interest towards the compari-
son of foreshocks and aftershocks focal mechanisms. Through this
analysis, we first aim to evaluate whether seismic source parameters
showed a significant temporal variation throughout the earthquake
preparatory phase, and discuss the possible information provided by
the foreshock activity. Foreshock sequences have been analysed for
several earthquakes (e.g. Jones & Molnar 1976; Kanamori 1981;
Dodge et al. 1995; Helmstetter & Sornette 2003; Mignan 2012)
and their prognostic information investigated. If a foreshock model
can be confirmed, a relatively long precursory phase could help to
mitigate earthquake risk at plate boundaries. An anomalous fore-
shock activity, preceding a large earthquake has been considered
either as a consequence of a triggering process or to be corre-
lated to the tectonic loading (Mignan 2014, and references therein).
More specifically, it is possible to distinguish among rupture nu-
cleation models where the foreshocks are the localized expression
of asperities failures accompanying an aseismic nucleation process,

and those where foreshocks are responsible of a stress change trig-
gering a runaway process culminating in the main shock (Dodge
et al. 1996). Bouchon et al. (2013) distinguished foreshock pat-
terns prior to interplate and intraplate large earthquakes, showing
that many large earthquakes at the plate interface are preceded by
an accelerating foreshock activity, which can last days to months.
The observation of more frequent foreshocks at plate boundaries
was used there to support the aseismic nucleation model, where
foreshocks are the result of asperities breaking accompanying slow
slip on a broader area, which precedes the interface rupture through
a large earthquake. The comparison of foreshocks and aftershocks
focal mechanisms should also help to evaluate a possible coseis-
mic rotation of the stress tensor, as observed for larger earthquakes
(Hardebeck 2012), or to discuss the spatial stress heterogeneity and
its temporal evolution. Following a similar approach, we aim to
quantify and assess the robustness of stress rotation to infer the
amount of the pre-main shock deviatoric stress relieved by the main
shock stress drop, which is important to judge future earthquake
scenarios at the Northern Chile seismic gap.

2 P R E V I O U S S E I S M I C I T Y
A N D DATA OV E RV I E W

Large intraplate megathrust events are common at the western mar-
gin of the Southamerican plate. Their occurrence is driven by the
subduction of the oceanic Nazca plate, with a convergence of about
6.7 cm y−1 (Norabuena et al. 1998; Schurr et al. 2012). Megathrust
earthquakes in this region can occur both offshore and onshore, and
typically at shallow depths of less than 60 km, with a high tsunami
potential. The size and rate of seismicity, including the 1960 Mw 9.5
Chile earthquake, the largest earthquake ever recorded, pose Chile
among the most highly seismogenic regions worldwide (Lomnitz
2004). The large Northern Chile seismic gap is defined based on
events with M > 8, as the most recent ones took place in 1868 (Arica
earthquake, M 8.5–9.1) and 1877 (Iquique earthquake, M 8–8.8).
They were located offshore the cities of Arica and Iquique, upon
which they are named (Lomnitz 2004, and references therein). Since
little information is known for these earthquakes, their hypocentral
locations, sizes and magnitudes have strong uncertainties, which
can amount up to 0.5 magnitude order (Comte & Pardo 1991; Lom-
nitz 2004). Both earthquakes generated strong tsunamis and had
rupture lengths exceeding 400 km (Dorbath et al. 1990). The oc-
currence of a very large earthquake in the region previous to the
1868/1877 earthquakes is dated to 1604, with an interevent time
gap of almost 300 yr, compatible, for example, to central Chile
(Dura et al. 2015). Since 1900, six additional significant events
(1905, 1906, 1911, 1933, 1945, 1956) with Ms > 7 and estimated
lengths of 38–77 km took place in the gap, also in the vicinity of
the epicentral location of the 2014 Iquique earthquake; additional
smaller events (Ms 5.8–6.9) in the years 1967–1971 were discussed
by Malgrange & Madariaga (1983). The largest one (Ms 7.6) on
1933 February 23 (Comte & Pardo 1991) mostly affected the city
of Iquique. Even considering significant uncertainties for the 1933
earthquake, its reported location (Centennial catalogue; Engdahl &
Villaseñor 2002) and size (length ∼80 km; Comte & Pardo 1991)
suggest its rupture could correspond to the main slip patch of the
recent 2014 Iquique earthquake; this would support a scenario of
repeated rupture of the same main asperity. The comparable loca-
tion of the 1933 earthquake is also confirmed by its consequences,
with the seismological bulletin of the astronomical observatory
in La Plata, Argentina, reporting that the event ‘was felt in the
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saltpeter region and in the sea in front of Iquique by the ship Caulin’
(http://storing.rm.ingv.it/bulletins/ISC-GEM).

In the last two decades, the seismic gap was located in the area
which has been hypothesized as the rupture area of the 1877 earth-
quake, which extends for about 500 km approximately in the latitude
range 18.5–22.0◦ Lat. S. The segment to the south was broken in
the last two decades by the 1995 Mw 8.0–8.1 Antofagasta (Ruegg
et al. 1996; Delouis et al. 1997; Sobiesiak 2000) and the 2007 Mw

7.7–7.8 Tocopilla earthquakes (Delouis et al. 2009; Schurr et al.
2012). The segment to the north, which has a different NW-SE
orientation following the bending on the trench northwards of the
Northern Chile gap, was broken in 2001 by the Arequipa (Southern
Peru) earthquake (Bilek & Ruff 2002; Pritchard et al. 2007). South-
wards, the Antofagasta and Tocopilla earthquakes have a similar
thrust fault geometry, striking almost NS, with a 17◦–20◦ dipping
angle and a rake of 97◦–110◦, indicating a minor oblique compo-
nent. The Arequipa earthquake (Bilek & Ruff 2002) had a similar
geometry, except for its NW-SE striking. These three earthquakes
provide important references for the analysis of the 2014 Iquique
earthquake and its seismic sequence, because they occurred along
neighbouring slab segments, had comparable magnitudes, shallow
depths and thrust mechanisms.

The instrumentation of the Integrated Plate boundary Observa-
tory in Chile (IPOC; Schurr et al. 2009) provides a dense regional
seismological network. In particular, we rely on the broad-band in-
strument of the IPOC network (GFZ German Research Centre for
Geosciences & Institut des Sciences de l’Univers-Centre National
de la Recherche CNRS-INSU 2006) for the analysis of source pro-
cesses of moderate earthquakes at regional distances. For larger
earthquakes (i.e. above M 5.5), we rely on the Global Seismological
Network, due to saturation problems at regional broad-band sensors.
Fig. 1 illustrates the seismic gap, the rupture of significant previ-
ous earthquakes prior to the Iquique earthquake and the location of
available broad-band stations from the IPOC initiative, at the time
of the seismic sequence, between 2013 January and 2014 April.

3 S PAT I O T E M P O R A L PAT T E R N S O F
F O R E S H O C K S A N D A F T E R S H O C K S

Since 2013, the slab segment offshore Northern Chile comprised
between 21◦ and 19◦ Lat. S was affected by significant seismicity
episodes at the plate interface. A first small sequence was observed
in 2013 summer, culminating in an ML 6.1 event on 2013 August 5.
A second increment of seismicity, taking place during the first days
of 2014 January (ML 6.1 on 2014 January 4, ML 6.3 on 2014 Jan-
uary 8), affected a southern region, close to the epicentre of the 2014
April 3, M 7.6 aftershock. Since the middle of March, the seismic-
ity drastically increased in a third, more important sequence. The
maximal magnitude observed in previous months was trespassed
again on 2014 March 16, with an ML 6.9 event, followed by at least
seven more earthquakes with magnitude larger than ML 6.0, until
2013 March 25. Finally, a more quiet period of few days preceded
the occurrence of the main shock, on April 1, with a magnitude
Mw 8.1.

In this work, we perform different cluster analysis to investigate
and compare foreshocks and aftershocks. The clustering procedure
relies on a density based approach (Cesca et al. 2014; Maghsoudi
et al. 2014). The method searches for highly populated regions,
and defines the cluster edges where the earthquake density drops
below a chosen threshold. Earthquakes not reachable through a
densely populated path do not belong to any cluster and are treated
as outliers. We use an evolution of the focal mechanism clustering

Figure 1. The former Northern Chile seismic gap, with the rupture areas
of the 2014 Iquique Mw 8.1 and 7.6 earthquakes, largest earthquakes in the
last two decades (black solid lines), and of significant historical earthquakes
(grey solid lines); the location of the 1933 earthquake is set according to
the Centennial catalogue (Engdahl & Villaseñor 2002), its size according
to Comte & Pardo (1991). The maps shows the location of available broad-
band stations from the IPOC initiative (triangles) and the observed seismicity
with ML ≥ 4.0 in the time period from 2013 January 1 to 2013 April 30
(GEOFON catalogue, black dots represent seismicity at less than 60 km
depth, grey dots deeper events).

algorithm by Cesca et al. (2014), and perform the clustering to
separately assess the similarity among hypocentral locations, origin
times and focal mechanisms.

For the spatial clustering, where the distance between two earth-
quakes is simply the Euclidean distances between their hypocentres,
we consider 3033 ML ≥ 3.0 earthquakes from the GEOFON cat-
alogue (http://geofon.gfz-potsdam.de/eqinfo/list.php) in the period
2013 January 1–2014 April 30, located in the region comprised be-
tween 21.5◦ and 18.5◦ Lat. S, 69.5 and 72.0◦ Lon. W, and at less than
100 km depth. The chosen time frame provides comparable pop-
ulations of foreshocks (1347) and aftershocks (1685). We choose
the clustering parameters (ε = 0.10, Nmin = 25, see Cesca et al.
2014) to minimize the number of unclustered events while resolv-
ing main clusters structures. Beside the uncertainties in locations,
three clusters are resolved (Fig. 2). The recognition of these spatial
clusters has been confirmed independently using different seismic
catalogues, such as the one provided online by the Chilean National
Seismological Centre. The two most populated red and blue clusters
correspond to the region where the main shock and the largest Mw

7.6 aftershock nucleated, respectively. According to finite source
modelling results by Schurr et al. (2014), both these events prop-
agated downdip and towards the low seismicity region between
the two main clusters. Finally a smaller (green) cluster is located
north of the main one. The comparison of foreshock and aftershock
distributions (Fig. 2) shows that the spatial extension of the region
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Figure 2. Comparison of foreshock and aftershock seismicity in the former Northern Chile seismic gap based on the GEOFON catalogue, limited to events
shallower than 100 km depth, from 2013 January 1 until the 2014 April 1, Mw 8.1 Iquique earthquake (a) and from that earthquake until 2014 April 30 (b).
Colours correspond to identified spatial clusters: Pisagua cluster (red), Iquique cluster (blue) and small Northern cluster (green). Black dots correspond to
unclustered events.

affected by the aftershock activity (at least during 2014 April) could
have already been guessed by the foreshocks distribution. A second
important observation is that foreshocks and aftershocks are mostly
localized at shallow depths, whereas the rupture areas associated to
the two largest events on April 1 and 3 extended further down the
slab (Schurr et al. 2014).

We analyse the temporal evolution of the seismic sequence by
considering seismicity rates and maximal magnitudes (Fig. 3), and
compare the temporal evolution of the Iquique sequence to those
of previous large events in the broader area of Northern Chile and
Peru (the 1995 Antofagasta, the 2001 Arequipa and the 2007 To-
copilla earthquakes). The remaining gaps to the north and south
of the area affected by the 2014 Iquique sequence can be well de-
picted in this figure. The foreshock activity preceding the Iquique
earthquake is outstanding compared to these reference cases: it
is characterized by a long-lasting activity, with a peak magnitude
escalation during the last few weeks preceding the main shock,
with no equivalent in any of the three prior sequences here con-
sidered for comparison, nor in the case of the recent 2015 Il-
lapel, Chile, earthquake. Although a foreshock activity over years
was also observed for the Antofagasta earthquake (Delouis et al.
1997), it was not comparable to the Iquique case in terms of peak
magnitudes and acceleration of moment release. An anomalous
foreshock activity in the region of Iquique is also mentioned in
the historical seismic bulletin of the seismological observatory
in Toronto, Canada, at more than 7000 km distance (the bulletin
archived by the International Seismological Centre is accessible
at: http://storing.rm.ingv.it/bulletins/ISC-GEM), during the last two
weeks preceding the 1933 Ms 7.6 earthquake, whose location, given
the obvious uncertainties, could well correspond to the area of the

2014 Iquique sequence. Analogical records from seismological ob-
servatories at closer distance, if available, could be used in future
to support this information.

4 L O C AT I O N A N D S E I S M I C I T Y R AT E S

In order to study changes in seismicity pattern and rate, we re-
located 436 seismic events above ML 4.0 occurred from 2013
January 1 to 2014 April 30. Despite the dense network, its ge-
ometry and the lack of ocean bottom seismometer (OBS) stations
at the time of the sequence limits the resolution of standard loca-
tion techniques. Therefore, we used a method designed to locate
hypocentres and map the seismicity rate, by modifying a wave-
form stacking method proposed by Grigoli et al. (2014). This
method is based on stacking STA/LTA traces of specific charac-
teristic functions at different recording stations along theoretical P
and S traveltime surfaces corresponding to a hypothetical source
location. The method requires no phase picking and no phase as-
sociation. Iterating this process for different source locations for a
3-D grid containing the whole seismogenic volume, we can obtain
a spatial coherence matrix whose maximum corresponds with the
location of the seismic event. To locate earthquakes, we rely on
broad-band recordings from the IPOC regional seismic network,
which includes 19 broad-band seismic stations deployed in the
Chilean territory. The location procedure was performed by scan-
ning a spatial grid of 600 km × 600 km × 225 km (east–west,
north–south and depth range) with a spacing of 3 km. Theoret-
ical traveltimes have been computed for a 1-D velocity model,
extracted from the CRUST2.0 database (Bassin et al. 2000). We
successfully located the complete data set by using the waveform
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Figure 3. Spatial and temporal clusters, comparing the Iquique sequence to large thrust earthquakes in Southern Peru and Northern Chile in the last 20 yr (1995
Antofagasta, 2001 Arequipa, 2007 Tocopilla earthquakes). Left: the map illustrates the spatiotemporal clusters corresponding to the four seismic sequences,
each denoted by a different colour; rupture areas (coloured lines) for the main shocks (stars) are plotted after Pritchard et al. (2007) and Schurr et al. (2012,
2014); foreshocks and aftershocks (coloured circles) are plotted for a period of one year preceding the main quake and 30 d after it (spatially unclustered events
in the considered earthquake regions and time spans are plotted as grey circles). Right: temporal evolution of seismicity and magnitudes of foreshocks (events
occurring in the rupture area during the year preceding the main quake) and aftershock (in the same area, in the following 30 d), which highlights the anomaly
of the foreshock activity preceding the 2014 Iquique earthquake; the timing of the earthquake is identified by a vertical line and by the reference time on the
timescale (expressed in days with respect to the origin time). Events are sorted upon their location from north to south.

stacking location method. Fig. 4 shows two examples of the spatial
coherence matrices related to two single event locations of the cata-
logue (the 2014 January 12, 14:52, ML 4.1 foreshock and the April
3, 15:43, ML 4.2, aftershock). In both cases, the spatial coherence
matrices show a clear maximum corresponding with the modeled
earthquake hypocentral region.

The location procedure provides a 3-D mapping of the coherence
value (Grigoli et al. 2013). In this paper, we further exploit the infor-
mation of the coherence matrix on both the hypocentral location and
its uncertainty. We consider a broader region to ensure that all loca-
tions are well confined within the tested grid. Each event coherence
matrix is normalized with respect to its hypervolume, so that the
integral of the coherence along the full grid is equal to 1. Multiple
normalized coherence matrices are stacked to highlight the seismic-
ity distribution for consecutive time periods, with the advantage that
location uncertainties are fully considered. To this purpose, we first

stack the coherence matrices for all events in a given time range. The
resulting matrix describes the spatial distribution of seismicity; it is
useful to interpret data set with large location uncertainties, since
these can be directly considered in a probabilistic framework (Drew
et al. 2013). Examples of such graphical representations are given
in Fig. 5, where estimated seismicity distributions for different time
frames of the sequence are compared, together with vertical E–W
cross-sections. The first time frame (Fig. 5a) refers to the consid-
ered foreshock activity, with seismic events since 2013 January 1,
until the main shock on 2014 April 1. The second and third time
frames (Figs 5b and c) are related to the days immediately after the
main shock and the largest aftershock (2014 April 3), respectively.
Finally, Fig. 5d is dedicated to the following aftershock sequence,
in the time frame from 2014 April 5 to 30. The analysis of these
plots point out that most of the foreshock activity was concentrated
in a segment comprised among 19.4◦ and 20.4◦ Lat. S, covering
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Figure 4. Spatial coherence matrices related to two events of the catalogue: the 2014 January 12, 14:52, ML 4.1 (left) and the April 3, 15:43, ML 4.2, (right).
Coherence matrix XY is obtained by projecting, for each X–Y, its maximum along Z (coherence matrices XZ and YZ are obtained in a similar way). Coherence
values are represented in colour scale. The origin of the reference system has coordinate: Lat. S 23.5◦ and Lon. W 72.0◦.

Figure 5 Spatiotemporal evolution of the seismicity in the study area, divided in four consecutive time frames (epicentral maps only): (a) seismic events
occurred since 2013 January 1 and until 2014 April 1, day of occurrence of the main shock, (b) time span between the main shock and the largest aftershock,
(c) time span from the largest aftershock until 2014 April 5, (d) later aftershock seismicity, from 2014 April 5 until April 30. Upper plots show the stacked
coherences on a horizontal projections, bottom plots their E–W cross-sections in correspondence to the maximal coherence (dashed white lines).

the same region where the main shock nucleated, and where first
aftershocks were observed. The first activity in the Iquique clus-
ter, observed in 2014 January (see Fig. 2), is comparatively much
weaker, and therefore not depicted in the plot. The region of highest
seismicity rate strongly migrated southward to the Iquique patch
(20.4◦–20.9◦ Lat. S) in the early days following the 2014 April 3,
Mw 7.6 earthquake, and spread to the broader area comprising both
patches in the later aftershock sequence from April 5 on.

5 M O M E N T T E N S O R S A N D C E N T RO I D
L O C AT I O N S

Hayes et al. (2014) have first provided moment tensor (MT) solu-
tions for largest foreshocks and aftershocks of the Iquique sequence,

revealing a dominance of thrust fault mechanisms. Whereas most
mechanisms are striking parallel to the slab orientation, some shal-
low events show a significant rotation (about 60◦–70◦) and strike
NW-SE, including one of the largest foreshock (M 6.7, 2013 March
16). Here we extend the MT analysis by a double couple (DC) and
full MT inversion of a broader data set of 333 earthquakes, for
the time period 2013 January 1–2014 April 30, obtaining MTs and
centroid locations down to a magnitude Mw 4.0.

We model full waveform displacement traces and amplitude spec-
tra at regional distances and follow a multistep inversion algorithm
(Cesca et al. 2010, 2013) based on the Kiwi tools software (Heimann
2011, http://kinherd.org). As a result, we obtain DC and full MT
source models, centroid location and depth, scalar moment and
moment magnitude. In this work we perform the regional MT in-
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version by fitting displacement traces in the time domain. Wave-
forms and metadata have been downloaded from IRIS and GEO-
FON repositories for broad-band stations up to a distance of 400 km
from the starting epicentral location. Original traces were corrected
for the instrumental response, integrated to displacements, filtered
in the frequency band 0.01–0.03 Hz, tapered according to the epi-
central distance and decimated to 2 Hz. The inversion is performed
iteratively for 196 starting source configuration, inverting seismic
source parameters while allowing for the alignment of synthetic and
observed seismograms, by minimizing the L2 norm misfit among
time traces. The MT inversion is combined with a dense grid search
in the space of latitude, longitude, depth and centroid time, in order
to improve the centroid location and depth estimate and the centroid
time. Inversion results have been manually controlled and the in-
version procedure repeated after excluding problematic (e.g. noise
or tilt affected) traces. Synthetic seismograms have been computed
upon a Green’s function database, which was built using a reflectiv-
ity code (QSEIS; Wang 1999) for a 1-D velocity model built using
the same local crustal model used for the full waveform location and
an AK135 mantle model. Finally, only best results, below the cho-
sen misfit threshold, are considered for further interpretation. In this
way, we could obtain 326 regional MTs, out of the 436 tested events,
with the remaining lower quality solutions mainly corresponding to
events occurring in the coda of larger events (e.g. during the first
three days of April, where seismograms were contaminated by the
signals of the main shock and its largest aftershocks).

For few larger events, with magnitudes above M 5.5, we relied
on teleseismic recordings. Teleseismic inversions have been also
performed using the Kiwi tools, but following a slightly different
scheme, and relying on bodywave recordings (fitting 60 s long dis-
placement data of vertical P and horizontal S components, filtered
with a four poles Butterworth filter between 0.01 and 0.05 Hz). The
first inversion step, fitting amplitude spectra in the frequency domain
is carried out to identify a set of well matching source model con-
figurations. These are used in the second inversion step to perform
a time-domain inversion; note that the inversion is non-linear also
in the time domain, since we use an L1 norm and resolve for source
parameters and centroid location. From each starting solutions, the
inversion is performed by a gradient search method to minimize
the L1 norm misfit between observed and synthetics displacement
traces. Uncertainties are estimated for all source parameters through
a bootstrap approach, by simulating multiple random stations con-
figurations. The teleseismic inversion follows the procedure used in
the routine MT inversion of the Kinherd project (Heimann 2011).

The resulting catalogue includes 335 MTs (Fig. 6), for events
with moment magnitude down to Mw 4.0 (the two largest events are
widely discussed in early publications, for example, by Schurr et al.
2014; Hayes et al. 2014 and Ruiz et al. 2014). Out of these, we have
128 solutions for foreshocks of the 2014 April 1 event (since 2013
January 1) and 206 solutions for its aftershocks (until 2014 April
30). Our results indicate that non-DC components were in general
not significant, either because of their negligible size, or because full
MT solutions were not improving the misfit significantly, compared
to DC ones. Therefore, we only discuss here DC solutions. In most
cases focal mechanisms are characterized by thrust mechanisms,
with a low-angle eastward dipping fault plane. A smaller population
of normal faulting is also observed, as well as few other mechanisms
associated to crustal faults inland. Centroid depths along different
cross-sections (Fig. 6, bottom) show that most events are confined at
the slab interface. However, the seismicity is partially diffuse with
some centroid depths extending in the upper wedge. This concerns
both events located along the shallower western part of the slab

segment, in agreement with Ruiz et al. (2014), and those located
more to the east, where the slab deepens and normal faulting are
mostly observed.

The distribution of focal mechanisms is discusses using a focal
mechanism clustering algorithm (Cesca et al. 2014), where we use
the Kagan angle (Kagan 1991) as metric. The clustering algorithm is
first used to automatically classify the events and to identify clusters
of events with similar mechanisms. In a second stage, we use the
algorithm to evaluate the average mechanism in each cluster, with
the aim of investigating weak spatial and temporal changes in the
clusters average focal mechanisms during the foreshock and after-
shock sequences and in different spatial clusters; this information
will be used at a later stage to assess potential spatial and temporal
stress changes. The results of the clustering algorithm (Fig. 7) con-
firm the dominance of thrust mechanisms both in the foreshock and
aftershock sequence. Whereas a single cluster of thrust mechanisms
well samples the rupture geometry of the events in the foreshock
sequence, during the aftershock sequence smaller populations of
weaker normal and vertical faulting are additionally observed. The
orientation of thrust mechanisms well matches the slab geometry,
striking parallel to the trench and with a low-angle dip towards east.
Normal-faulting aftershocks have a similar striking, but their lower
angle plane dip westward. In the western section of the slab, thrust
events are more diffused, and some occurs in the overriding plate,
including few thrust events with different orientations (see also
Ruiz et al. 2014; Schurr et al. 2014). In the deeper eastern section,
thrust events are confined close to the slab, while normal faulting
are more scattered. Our depth analysis suggests they occur close
above the slab interface. Representative focal mechanisms for each
cluster can be found by minimizing the cumulative Kagan angle
distance to the cluster population, either scanning the entire space
of focal mechanism orientations, or only searching among mech-
anisms corresponding to the earthquake data set. In our case both
approaches lead to very similar estimates, and therefore we only dis-
cuss results of the latter approach. The difference among average
mechanisms obtained for the Pisagua (strike 8◦, dip 19◦, rake 114◦)
and Iquique (strike 16◦, dip 20◦, rake 122◦) clusters is minor, consid-
ering the distribution of mechanisms in both patches. Similarly, the
average mechanisms obtained for the foreshock (strike 3◦, dip 21◦,
rake 111◦) and aftershock (strike 8◦, dip 23◦, rake 112◦) sequence are
comparable. These results indicate that the rupture process along the
slab is consistent and homogeneous in the different spatial patches
along the slab and remain unchanged during the time preceding and
following the main shock. The absence of significant changes in
the different thrust mechanisms families finally suggests the lack
of spatial or temporal variation of the slip vector, and thus of the
direction of the shear stress.

In order to further investigate possible depth differences among
normal and thrust faulting earthquakes, and in order to judge how
separated they may be in depth, we carefully analyse to two se-
lected earthquake (Fig. 6), which took place close offshore Iquique
on 2014 April 5 and 11, and are characterized by a common cen-
troid locations and magnitude (about Mw 5), but different focal
mechanisms: the first event has a standard thrust mechanism, ori-
ented consistently with the slab and a centroid depth of 25 km.
The second event pertains to the normal-faulting cluster and has a
centroid depth of 20 km. In order to independently assess the depth
of these two events, we model their velocity waveforms at station
PB06, which is located at about 295 km epicentral distance towards
SSE. Records at this station were chosen because they nicely show
multiple onsets, which result from its favourable distance and az-
imuth in combination to the source radiation patterns. In particular,
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Figure 6. Pure DC moment tensor results based on the inversion of regional and teleseismic data. The size of the focal sphere is scaled with the magnitude,
the colour is chosen based on the source type classification by Frohlich (1992): red is used for thrust faulting, blue for normal faulting, green for strike-slip.
The map view plot (top) shows that seismicity is dominated by thrust mechanisms, with additional normal faulting, mostly concentrated in the northernmost
part and in the easternmost part of the cloud, among the two main seismicity patches. Few strike-slip mechanism are resolved for secondary faults inland. The
depth distribution (bottom) is shown for three vertical E-W cross-sections (AA′ through the northern Pisagua cluster, BB′ through a normal fault area, CC′
through the southern Iquique cluster). The depth difference of one thrust and one normal-faulting event with similar magnitude and location (denoted with [1]
and [2] both in the map view and BB′ cross-section) is further investigated using an alternative array-based technique, in order to independently confirm that
normal faulting occur above the slab interface. Slab geometry at different cross-sections was derived upon Hayes et al. (2012).
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Figure 7. Overview of the focal mechanism clustering result. Focal mech-
anisms are plotted by means of the orientation of the pressure (P), tension
(T) and null axis (B) for all foreshocks (a), all aftershocks (b), the events in
the Pisagua spatial cluster (c) and in the Iquique spatial cluster (d). Colours
are used to denote the clustered events; the focal sphere corresponding to
the mean focal mechanism of each cluster is plot on the right side.

vertical component velocity signals show a low amplitude first P
onset followed by an energetic pulse, which can be modeled by a P
wave reflected at the sea floor. Modelling of these waveforms and
the temporal offset of these phases allow a more precise resolution
of the hypocentral depth, since the delay between the P onset and
the sea bottom reflection is directly controlled by the source depth.
Fig. 8 illustrates the results of our analysis. Beside the observation
of nicely anticorrelated waveforms, which confirms the similarity of
locations and difference in the focal mechanisms, the onset delays
of about 4.5 s are only reproducible, in both cases, for a common
source depth of 19 km, slightly above the slab interface. These
results confirm the depth similarity among the events and further
reduce the minor (5 km) depth difference resolved by the centroid
location procedure; they proof that the two earthquakes with dif-
ferent rupture mechanisms must have occurred within a reduced
seismogenic volume.

6 S T R E S S I N V E R S I O N

Assuming that rupture occurs on pre-existing planes of weaknesses,
with a slip in the direction of the maximal shear stress resolved on
the plane, the orientation of the principal stresses and the rela-
tive stress magnitude can be inferred (Gephart & Forsyth 1984).
Different methods for stress inversion have been proposed (e.g.
Michael 1984, 1987; Gephart & Forsyth 1984; Gephart 1990; An-
gelier 2002), which all assume a homogeneous stress field over the
spatial-temporal range of the ensemble of input focal solutions (see
e.g. Maury et al. 2013 for recent applications). The method em-
ployed in our study is an in-house developed inversion based on the
minimization of the radiated seismic energy. It has been success-
fully tested against the methods by Michael (1984) and Gephart &
Forsyth (1984), and was applied to different data sets from Ger-
many and the Czech Republic (Reinhardt 2007). Input is the DC
components of the MTs of the foreshock (125 events) and aftershock
activity (201 events).

Results are plotted in Fig. 9 and indicate for foreshocks an az-
imuth and plunge orientation of the maximum compressive stress

(σ 1) as 254◦/26◦ and for the least compressive stress (σ 3) as 70◦/64◦.
This stress orientation slightly rotates during the aftershock se-
quence to values as 260◦/32◦ (σ 1) and 65◦/60◦ (σ 3). The shape of
the stress tensor is in both cases represented by R = 0.5. The rota-
tion of the stress tensor from the pre-seismic to the early (based on
one month aftershock) post-seismic phase in terms of Kagan angles
is about 6◦ around a near-horizontal σ 2 axis (Fig. 9). The sense of
the rotation is as found by Hardebeck (2012) for larger thrust earth-
quakes (e.g. Maule, Tohoku), where the rotation angle could rise up
to 30◦. We attribute the smaller magnitude of the rotation angle to
the fact that the overall magnitude of the Pisaqua earthquake, and
therefore its slip magnitude and the size of the fault plane, are much
smaller in comparison to Tohoku and Maule.

7 D I S C U S S I O N

The foreshock sequence preceding the Iquique earthquake was for
many reasons unusual, if compared to similarly large thrust earth-
quakes affecting the neighbouring slab sections offshore Northern
Chile and Southern Peru in the last 20 yr, and offers a unique
opportunity to investigate spatial and temporal evolution of focal
mechanisms. According to observed data, early foreshocks may be
dated at least to 2013 summer, almost one year before the occurrence
of the 2014 April 1, Mw 8.1 Iquique earthquake. Short seismicity
episodes in 2013 summer and 2014 January were substituted by
a runaway process during the last and most significant phase of
the foreshock activity in 2013 March, where the increasing seis-
micity rate was accompanied by an increase of peak magnitudes.
Although not observed for recent earthquakes on neighbouring seg-
ments, such acceleration of seismicity rate and moment release was
often observed for interplate percursors. Bouchon et al. (2013) con-
firmed that, in most cases, there was a high probability that such
pattern was not due to a chance. The temporal evolution of the fore-
shock sequence of the Iquique earthquake has also been discussed
by Kato & Nakagawa (2014), who recognized a slow migration of
foreshocks towards the region where the Mw 8.1 nucleated, and by
Schurr et al. (2014), who modeled temporal changes in seismicity
rates and b-values using an Epidemic-Type-Aftershock-Sequence
model, suggesting that the observed alternated sequence of seismic
quiescence and recovery background seismicity phases is an indi-
cator for local stress accumulation. One of the most striking feature
of the foreshock activity is its spatial location, with hypocentres re-
maining confined mostly within two main clusters, which location
and extension reflects both the locations and size of the two main
events (2014 April 1 and 3) and of the following aftershock activity.

The role of foreshocks in the triggering of the main shock has
been first debated by Schurr et al. (2014) and Ruiz et al. (2014). The
localized occurrence of foreshocks within spatial clusters located in
correspondence to low coupling regions (Béjar-Pizarro et al. 2013;
Metois et al. 2013) supports a scenario of aseismic slow slip at the
Pisagua and Iquique patches during the foreshock sequence, with
the foreshocks hypocentres clustering at the location of asperities;
a scenario of slow slip is additionally supported by the detection
of repeating events and the observation of episodes of slow epicen-
tral migration (Kato & Nakagawa 2014). In such model, the lack
of foreshocks and low seismicity rates in the region separating the
two main patches (Fig. 10, top left), would correspond to the high
coupling region, which experiences a stress accumulation until the
main shock occurs. However, a further detailed analysis of contin-
uous deformation data by Bedford et al. (2015) demonstrated that
the transient GPS signal accompanying the foreshock sequence is
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Figure 8. Depth estimation upon the modelling of vertical P-wave waveforms at station PB06 for two aftershocks with similar location and different focal
mechanisms: an Mw 5.1 thrust faulting on 2014 April 5, 05:44:55 (a) and a normal faulting on 2014 April 11, 12:00:52 (b). Synthetic velocity waveforms
(black lines) are plotted for different source depths, and compared to raw velocity data (coloured lines, plot (a) and red colour correspond to the thrust event,
plot (b) and blue colour to the normal-faulting event). Data and synthetics are filtered between 0.1 and 1.6 Hz. The zero time reference corresponds to the
arrival of the first P onset. The sea floor reflected P phase is observed starting at about 4 s. To highlight the waveform anticorrelation we compare (plot (c)) the
signal of the thrust event (red line) with the inverted waveform of the normal-faulting event (blue line). Location of the events, focal mechanisms and reference
PB06 stations are plotted in plot (d).

in large measure explained by seismic slip, and argued that even the
observation of repeating event should not be considered as a strong
argument for aseismic slip, considering that similar events occurred
with a low regularity and rate in the two weeks preceding the main
event, when the largest events in the foreshock sequence took place.

The main shock and largest aftershock also nucleated within
these low coupled patches, but stress conditions permitted the rup-
ture front to propagate through the locked zone, from the North-
ern and Southern side, respectively (Fig. 10, top centre). After the
main shock, we observe that the spatial distribution of aftershocks
is comparable to the foreshock activity, supporting the identifica-
tion of local asperities, with the aftershocks slightly extending to
deeper regions as consequence of weakening and stress redistri-
bution induced by the main shock. After the main shock, when
the accumulated stress was partially released, the central segment
was locked again, as revealed by the returned conditions to low
aftershock rate in that area (Fig. 10, top right). At the same time,
focal mechanisms can be used to further extend the foreshock/main
shock/aftershock rupture model to discuss stress rotation and to
evaluate the stress released by the main shock (Fig. 10, bottom).

Our extensive MT inversion shows that focal mechanisms are dom-
inated by thrust faulting, with focal plane geometries well fitting
the slab orientation and dip (Hayes et al. 2012), extending previous
results by Hayes et al. (2014) to smaller magnitudes. Few shallower
thrust mechanisms are observed in the last weeks preceding the
main shock, as first suggested by Ruiz et al. (2014). Our results
show that thrust events were accompanied by less frequent normal
faulting, which only occurred after the main shock. They appear to
be localized close or slightly above the slab interface (Fig. 10, bot-
tom right); a comparative depth analysis for different types of events
showed that both thrust and normal faulting could occur within a
very confined seismogenic region. The presence of normal-faulting
events, so far not recognized in the Iquique sequence, was observed
for previous large events in Chile (e.g. Fuenzalida et al. 2013; Sen
et al. 2015). For larger magnitude thrust events, an outstanding
normal-faulting aftershock seismicity has been observed, for exam-
ple, for the Tohoku earthquake (e.g. Asano et al. 2011; Obana et al.
2012). Normal-faulting aftershocks in subduction environments can
be attributed to a perturbation of the stress field and to its spatial
heterogeneities. The stress inversion results could suggest a rotation
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Figure 9. Stress inversion results from moment tensor solutions of the foreshock (a) and aftershock sequences (b). The orientations of the maximal (σ 1) and
least (σ 3) compressive stress are projected (equal area) on the lower hemisphere. The P- and T-axes of the individual input moment tensors are indicated by
open stars and diamonds, respectively. Large open symbols indicate the mean P- and T-axes orientations. The relative stress magnitude from the inversion is
plotted in the horizontal scale below.

of the stress tensor (Fig. 9, bottom), in a similar way as proposed
by Hardebeck (2012) for recent larger earthquakes, namely the
Sumatra, Maule and Tohoku earthquakes. However, spatiotempo-
ral evolutions of focal mechanisms of these foreshocks/aftershocks
sequences present important differences. While for the Maule and
the Iquique earthquakes normal-faulting aftershocks tended to be
spatially localized and/or involved specific faults and were accom-
panied by a dominance of thrust events comparable to the foreshock
sequences, the distributions of rupture types before and after the To-
hoku earthquake were extremely different, with thrust mechanisms
dominating the foreshocks and normal faulting predominant among
aftershocks. Therefore, while a stress rotation is better resolved and
seems unquestionable for the Tohoku event, the normal-faulting
aftershocks for the considered Chilean events may either reflect a
stress rotation or stress heterogeneities. The clustering results show
that the family of thrust fault mechanisms preserves its geometry
before and after the occurrence of the Mw 8.1 Iquique earthquake.
This is not unexpected if they occur at the slab interface, where
their orientation is controlled by the slab geometry and their rake
by the plate convergence. In this condition, the foreshock activity
would be favoured in both stress regimes derived independently
from foreshocks and aftershocks. The change in the determined
stress orientation is then controlled by the presence of normal-
faulting aftershocks. We use the rotation of the stress tensor with
respect to the slab orientation to infer the deviatoric stress released
by the main shock, following eq. (9) in Hardebeck & Hauksson
(2001). The stress rotation angle was quantified in 6.0◦, upon the
comparison of stress inversion results. The estimate of the angle
of σ 1 with the slab orientation presents some uncertainty, since the
main shock rupture occurs over a broad region of almost 100 km
length, with variable dip at different depths. Here we assume as
average slab dip the dip angle of the CMT inversion for the main
shock (dip 24◦ east). Under these conditions, we estimate that the
main shock has relieved 54 per cent of the pre-main shock devi-

atoric stress. However, this estimate would rise up to 85 per cent,
if one chooses the slab dip according to the SLAB model (Hayes
et al. 2012) at the centroid location. Beside the large uncertainty,
the release of at least half of the deviatoric stress differs from the
scenario hypothesized by Schurr et al. (2014), who assessed a sig-
nificant moment deficit along the plate boundary after the Iquique
earthquake, suggesting that part of the accumulated stress might
have been relieved aseismically.

However, as mentioned before, the stress inversion results for
the Iquique earthquake may also reflect the spatial heterogeneity
of the stress conditions in the early post-seismic phase. To further
investigate this hypothesis, we plot the distribution of the source
types using a different graphical representation, first introduced
by Frohlich (1992). In such representation (Fig. 11a), the striking
of the focal mechanism is ignored and the focal mechanisms are
plotted in a triangular diagram, where the coordinates are entirely
controlled by the plunge of the pressure (P), tension (T) and null
(B) axis. The interpretation of the triangular diagram is here facili-
tated by the colour scale, with red, blue and green corresponding to
symmetric (i.e. 45◦ dipping) thrust and normal, and vertical strike-
slip faulting, respectively. The Iquique sequence is characterized by
low-angle thrust and few low-angle normal faulting, which map in
the lower part of the diagram. The increased normal-faulting activ-
ity during the aftershock sequence can also be depicted with this
representation. According to the spatial (Fig. 11b) distribution of
the source type, we observe that normal-faulting events are mostly
localized at the eastern edge of the aftershocks region; their centroid
depths suggest they occur at the bottom of the overriding wedge,
in a region which was untouched during the foreshock sequence.
Their temporal evolution (Fig. 11c) shows that they are mostly ac-
tive in the first 10–15 d after the main shock, and no longer active
after middle April. Note that in Fig. 10c we plot the ratio among
sin2(δP) and (sin2(δP) + sin2(δT)), where δi, with i = T, P, B de-
notes the plunge of T-, P- and B-axes. The y-axis of the plot varies
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Figure 10. A sketch of the foreshock preparation phase, main shock rupture and aftershock sequence, in the light of spatiotemporal evolution of seismicity
rates, focal mechanisms and stress conditions. Top: during the foreshock sequence, seismicity spatially clusters in three small clusters (colour dots), with the
largest red (Pisagua) and blue (Iquique) clusters separated by a region of high locking (dark area, after Schurr et al. 2014); the ruptures of main shock and
largest aftershock nucleate within the Pisagua and Iquique clusters and propagate to the locked region (stars and arrows denote hypocentres and main rupture
direction, after Schurr et al. 2014); the aftershocks are again mostly localized in correspondence to the original spatial clusters, and the central region is locked
again. Bottom: at the same time, the orientation of σ 1 and σ 3 rotate from the pre-seismic phase to the post-seismic phase by 6◦ around a near-horizontal σ 2

axis, as revealed by the appearance of normal faulting (bottom right) along secondary faults (dashed line), beside dominant thrust mechanisms along the slab
(thick line).

between pure normal (ratio = 0) and pure thrust (ratio = 1), while
the effect of the B-axis plunge, largest for strike-slip events, is here
neglected because we are interested in discussing only the tempo-
ral evolution of thrust versus normal-faulting components. In terms
of the stress inversion, these findings reveal that the stress rota-
tion inferred using the whole foreshock and aftershock seismicity is
poorly constrained and hides significant spatial heterogeneities of
focal mechanisms and stress orientation. Since the normal-faulting
aftershocks occur in the eastern region, unaffected by the foreshock
sequence, a comparison of the stress orientation limited to this re-
gion is hardly possible. A comparison of focal mechanisms in the
western, shallower section of the slab and the overriding wedge,
where both foreshocks and aftershock occurred (rectangular area
in Fig. 11), indicates similar thrust mechanisms and no significant
stress rotation. Even considering as robust the stress rotation in-
ferred from foreshocks and aftershocks of the broader region, this

implies that the stress rotation would be localized to a smaller, east-
ern portion of the segment. The temporal evolution of rupture types
shows that normal-faulting mechanisms are only acting in the first
two weeks after the main shock. Therefore, even in the assumption
of stress rotation, pre-seismic stress conditions seem to be quickly
recovered already a couple of weeks after the main shock occurred,
much quicker than for the Tohoku or Maule earthquakes (Hardebeck
2012).

8 C O N C LU S I O N S

A long-lasting seismic sequence struck the central segment of the
former Northern Chile seismic gap offshore the cities of Iquique
and Pisagua, leaving ∼200 km long unbroken segments both to-
wards north and south. The sequence presents peculiar features and
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Figure 11. Comparison of the source type distribution among foreshocks
(left) and aftershocks (right) upon the regional moment tensor inversion.
(a) Comparison of source types, using a triangle diagram representations
(Frohlich 1992) with red, blue and green corresponding to pure symmetric
thrust, normal-faulting and strike-slip mechanisms, respectively. (b) Spatial
distribution of the source types, the dashed lines provide reference to the
rupture areas of the main shock and its largest aftershock (Schurr et al. 2014,
see Fig. 10) and the thin solid black line denote a rectangular region with high
seismicity both for during foreshock and aftershock sequence. (c) Temporal
evolution of source types, plotting the balance between normal-faulting and
thrust components, according to eq. (1).

allowed a comparison of foreshocks and aftershocks in terms of
seismicity rates and families of focal mechanisms. The Iquique se-
quence lasted for months, the main shock only taking place after
a long period of increased seismicity, and characterized by bursts
of seismic activity at two main patches, with an overall increase of
observed magnitudes since 2013 summer and until the Mw 8.1 main
shock on 2014 April 1. Although a comparable foreshock seismic-
ity was not observed for thrust earthquake in Northern Chile in the
last decades, some foreshocks were reported before the 1933 earth-
quake, which struck at a location compatible with the main patch of
the 2014 Iquique earthquake. This observation would indicate a pe-
culiar behaviour of this section of the slab and suggests that similar
foreshock activities may also precede future large earthquakes in the
region and that the main patch could correspond to a repeatedly ac-
tivated asperity. The area affected by the foreshock activity matched

the spatial extension of the aftershock sequence, and controlled the
final lateral extension of the main earthquakes finite rupture, which
was constrained to a subsegment of the seismic gap. However, the
aftershocks additionally activated deeper portions of the slab inter-
face. A newly proposed method based on the stacking of normalized
coherence matrices for multiple events, which accounts for location
uncertainties, was able to detect temporal changes of the spatial
distribution of seismicity rates, which is here evaluated for different
time frames throughout the sequence. An MT inversion was per-
formed for more than 300 events, revealing dominant thrust focal
mechanisms in the foreshock and aftershock activity. The appli-
cation of a focal mechanism clustering algorithm revealed that the
main orientation of the thrust mechanisms remain unchanged before
and after the main shock. However, during the aftershock sequence,
thrust events were accompanied by sporadic and weaker normal-
faulting earthquakes. They are mostly localized at the eastern edge
of the seismicity cloud, originating in the vicinity of thrust events at
or slightly above the slab interface, possibly along secondary faults
in the overriding wedge. The analysis of focal mechanisms distri-
butions in the two main seismicity patches, the Pisagua and Iquique
clusters, reveals homogeneous thrust focal mechanism orientations,
with no spatial nor temporal variations neither in the rupture plane
geometry, nor in the rake direction. Whereas the plane geometry of
thrust events is constrained along the whole sequence to the slab
geometry, the lack of significant change in the rake angles at the
Iquique and Pisagua clusters suggests a negligible lateral stress het-
erogeneity. Assuming a spatially homogeneous stress condition, a
stress rotation of about 6◦ has been inferred by the comparison of
foreshock and aftershock focal mechanisms. Beside this small ro-
tation angle, the temporal evolution of the stress orientation would
suggest that the 2014 April 1, main shock relieved most than half of
the accumulated deviatoric stress. However, a more careful analysis
of the spatial and temporal distributions of the focal mechanisms
indicates that a stress rotation can only be hypothesized for a limited
portion of the slab interface, and that pre-seismic stress conditions
are restored already in 2014 mid-April. The neighbouring northern
and southern segments of the former Northern Chile seismic gap
remain unbroken and can potentially host large magnitude events.
The recent seismic sequence has locally reduced the stress accumu-
lated at sections of the Iquique–Pisagua segment, but a future single
rupture of the entire Northern Chile seismic gap remains a possible
scenario.
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