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Ward [1990] as far as 400 km downdip. Because we study
only the seismogenic portion of the interface, for our cal-
culations we use the geodetic estimates of the moment.
Lorenzo-Martin et al. [2006] found, from GPS measure-
ments, that cG = 0.96 for Ac = 110!109m2 and an assumed
subduction velocity of 69 mm/yr, yielding _PG = 7.3 F.
[65] The only known preceding earthquake of size similar

to the 1960 event was one that occurred in 1575 [Cisternas
et al., 2005]. Using that 385 yr recurrence time yields _PS =
6.2 F, for a cS = 0.8. If we include in that period the 1837
earthquake, estimated to have been about half the size of
1960 [Abe, 1979], we get _PS = 9.3F, larger than _PG (this is an
overestimate because a goodly portion of the 1837 earth-
quake occurred in the Central Chile segment). The tsunami
record of this region indicates great tsunami-generating
events every 285 years on average [Cisternas et al., 2005].
This consists of the less frequent 1960-type events that rup-
ture the entire 850 km length of this segment and smaller
earthquakes like that of 1837 that rupture portions of it.
[66] Northern Chile: This region, from 18 to 23"S, is a

450 km long seismic gap that last ruptured in the Iquique
earthquake of 1877, with a magnitude estimated at Mw
8.8–9.0 [Abe, 1979; Bejar-Pizarro et al., 2010; Comte and
Pardo, 1991; Kausel and Campos, 1992]. Chlieh et al.
[2004] studied this area with GPS and INSAR and

concluded it was fully coupled on a 20" dipping surface
down to 35 km depth, below which the coupling linearly
tapered to zero at 55 km. By the same reasoning as discussed
in the Cascadia case, we take the fully locked region to be
the seismogenic area. This boundary seems to have been
defined by the Mw 7.7 Tocopilla earthquake of 2007, in
which its region of maximum slip was concentrated around
35 km, with some slip, possibly post-seismic, extending to 50
km depth [Bejar-Pizarro et al., 2010]. Hence with this
assumption cG = 1 and with vp = 79 mm/yr on a 102 ! 450
km surface, _PG = 3.6 F. Vargas et al. [2005] identified sec-
tor-rupturing earthquakes prior to 1877 in 1768, 1543, and
1430, which indicate an average T of 149 years [Comte and
Pardo, 1991; Nishenko, 1985]. Assuming Mw 8.8 for these
earthquakes and this value of T yields _PS = 3.4 F and cS =
0.94.

3.16. Central and Southern Peru
[67] The earthquake history and coupling of this region are

shown in Figure 5 (modified after Dorbath et al. [1990]).
The coupling of the northern two-thirds of this region was
determined by Perfettini et al. [2010]. They found three
zones of high coupling, shown in Figure 5. A narrow zone of
low coupling separates the northern two. The southern two
are separated by a much wider zone of low coupling that

Figure 4. The earthquake history and coupling of Chile. See text for sources of coupling data.
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Gradual unlocking of plate boundary controlled
initiation of the 2014 Iquique earthquake
Bernd Schurr1, Günter Asch1, Sebastian Hainzl1, Jonathan Bedford1, Andreas Hoechner1, Mauro Palo1, Rongjiang Wang1,
Marcos Moreno1, Mitja Bartsch1, Yong Zhang2, Onno Oncken1, Frederik Tilmann1, Torsten Dahm1, Pia Victor1, Sergio Barrientos3

& Jean-Pierre Vilotte4

On1April 2014,NorthernChilewas struckby amagnitude8.1earth-
quake followingaprotracted seriesof foreshocks.The IntegratedPlate
BoundaryObservatoryChilemonitored the entire sequence of events,
providingunprecedented resolutionof thebuild-up to themainevent
and its rupture evolution.Herewe show that the Iquique earthquake
broke a central fraction of the so-called northern Chile seismic gap,
the last major segment of the South American plate boundary that
hadnot ruptured in the past century1,2. Since July 2013 three seismic
clusters, each lasting a fewweeks, hit this part of the plate boundary
with earthquakes of increasing peak magnitudes. Starting with the
secondcluster, geodeticobservationsshowsurfacedisplacements that
can be associatedwith slip on the plate interface. These seismic clus-
ters and their slip transients occupiedapartof theplate interface that
was transitionalbetweena fully lockedandacreepingportion.Leading
up to this earthquake, theb valueof the foreshocksgradually decreased
during the years before the earthquake, reversing its trenda fewdays
before the Iquique earthquake. The mainshock finally nucleated at
the northern end of the foreshock area,which skirted a locked patch,
and rupturedmainlydowndip towards higher locking.Peak slipwas
attained immediatelydowndipof the foreshock regionandat themar-
gin of the locked patch. We conclude that gradual weakening of the
central part of the seismic gap accentuated by the foreshock activity
in a zoneof intermediate seismic couplingwas instrumental in caus-
ing final failure, distinguishing the Iquique earthquake from most
great earthquakes. Finally, only one-third of the gapwas broken and
the remaining locked segments nowpose a significant, increased seis-
michazardwith thepotential tohost anearthquakewith amagnitude
of.8.5.
The northern Chile–southern Peru seismic gap last broke in 1877 in

a great earthquake (Mw,8.8)1 that ruptured from south ofArica to the
Mejillonespeninsula (seeFig. 1). The reportedhistorical recurrence inter-
val for the past 500 years in this region has been estimated at 1116 33
years1,making it probably themostmature seismic gap along the South
American plate boundary. In the past two decades the two adjoining
segments south and north broke in theMw 8.1 Antofagasta earthquake
of 1995 (refs 3, 4) and theMw 8.4Arequipa earthquake of 2001 in south-
ern Peru5. In the previous cycle the southern Peru and northern Chile
segments brokewithin few years (Fig. 1), suggesting that theymight be
coupled in time1. The imminence of a large megathrust event in this
region motivated the setting up of an international monitoring effort
with the Integrated Plate BoundaryObservatory Chile (IPOC). Having
started in 2007, there now exists an exceptional database that monitors
the gradual plate boundary failurewith various geophysical techniques.
Several major earthquakes (Mw.7) have occurred in this gap since

1850 (Fig. 1); the largest until nowwas theMw 7.7Tocopilla earthquake
in2007,whichbroke the southern rimof this segment beneath andnorth
ofMejillones peninsula along a total length of 150 km.Only the down-
dip end of the locked zone slipped in this event, and the total slip in the

rupture area was less than 2.6m (refs 6, 7) leavingmost of the past slip
deficit of,8–9maccumulated since 1877unaffected8.On1April 2014,
theMw 8.1 Iquique earthquake north of Iquique struck the central por-
tion of the gap. Using seismological and geodetic observations we here
analyse the rupture, its relationship toprevious lockingof theplate inter-
face, and the pre-seismic transients leading up to the earthquake.

1GFZ Helmholtz Centre Potsdam, German Research Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany. 2School of Earth and Space Sciences, Peking University, Beijing 100871, China.
3Centro SismológicoNational, UniversidaddeChile, Facultad deCiencias Fı́sicas yMatemáticas, Blanco Encalada2002, Santiago, Chile. 4Institut de Physique duGlobe de Paris, 1, rue Jussieu, 75238Paris
cedex 05, France.
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Figure 1 | Map of Northern Chile and Southern Peru showing historical
earthquakes and instrumentally recorded megathrust ruptures. IPOC
instruments used in the present study (BB, broadband; SM, strong motion) are
shown as blue symbols. Left: historical1,2 and instrumental earthquake record.
Centre: rupture length was calculated using the regression suggested in ref. 28,
with grey lines for earthquakesM.7 and red lines for Mw.8. The slip
distribution of the 2014 Iquique event and its largest aftershock derived in this
study are colour coded, with contour intervals of 0.5m. The green and black
vectors are the observed and modelled horizontal surface displacements of the
mainshock. The slip areas of the most recent other large ruptures4,5,7 are also
plotted. Right: moment deficit per kilometre along strike left along the plate
boundary after the Iquique event for moment accumulated since 1877,
assuming current locking (Fig. 3a). The total accumulated moment since 1877
from 17u S to 25u S (red solid line) is 8.97; the remaining moment after
subtracting all earthquake events withMw.7 (grey dotted line) is 8.91 for the
entire northern Chile–southern Peru seismic gap.
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Between the mainshock and this largest aftershock, earthquake loca-
tions migrated southwards, towards the epicentre of theM 7.7 event.
Since then, aftershocks have been scattered up-dip of the rupture areas
of the two largest events.
Analyses of regional moment tensors19 (RMTs; Methods) of fore-

shocks indicate thatmany represent thrust faulting on or near the plate
interface (Fig. 2).However, about 20%havewell-constraineddepths too
shallow to involve interface slip, have focal mechanisms inconsistent
with thrust faulting, or have nodal planes severely rotated with respect
to local slab structure.Although constraining the absolute depths of off-
shore earthquakes in subduction zones is difficult, the spread of solu-
tions (which are all subject to similar uncertainties) and the systematic
rotation of many mechanisms with respect to slab geometry indicate
that upper plate faulting was involved in the foreshock sequence. This
is particularly true of theM 6.7 event on16March,whose depth (20 km,
NEIC; 20.6 km, CSN; 12 km, global centroid moment tensor project
(global CMT)20; 15.5 km, NEIC W-phase) is substantially shallower
than the slab, andwhose shallownodalplane is rotated 60u (globalCMT;
CSN W-phase) to 70u (NEIC W-phase) anticlockwise with respect to
the slab, perhaps indicating that this foreshockoccurred above the plate
interface alonga splay fault.AftershockRMTs showthat the vastmajority
occurred along the megathrust interface (Fig. 2), surrounding regions
of largest co-seismic slip. TheM 7.7 aftershock ruptured a compact por-
tion of the seismogenic zone ,50 km south and directly along strike

from themainshock asperity. Almost all 2014 events have been located
up-dip of the rupture zones of the two biggest quakes.
Recentmegathrust earthquake sequences (see, for example, refs 21, 22)

have demonstrated the need for integrative real-time monitoring and
assessments thatmap seismic cycles intomodels of strain accumulation
near the source regions of large earthquakes. The Iquique sequence is an
ideal case study involving the integration of geodetic, geodynamic and
seismological constraints to improve the quantification and assessment
of anearthquake sequence as it evolves.Organizing seismotectonic infor-
mation for major global plate boundaries2,23 is crucial for understanding
the spectrumof expectedbehaviourof a fault zone after amajor event has
occurred (and indeed beforehand), and is the foundation of any frame-
work for better communicationof time-dependent earthquake hazards
to affected communities24.
To understand the scale of this earthquake in the context of theChil-

ean subduction zone, it is useful to compare the Iquique sequence with
the2010M 8.8Maule earthquake2, theChileanmargin’s last greatmega-
thrust event. Although both occurred in recognized seismic gaps, their
evolution, behaviour and characteristicswere quite different (Extended
Data Fig. 4). In contrast to Iquique,Maule did not have any recognized
foreshocks. Itsmainshock nucleated in themiddle of the SouthCentral
Chile Seismic Gap1 and ruptured bilaterally beyond the extent of the gap
into the 1985M 8.0and1960M 9.5 rupture zones to thenorth andsouth,
respectively.The Iquiqueearthquakenucleatedwithin theNorthernChile
Seismic Gap, but in a region that had slippedmore recently thanmuch of
the gap, and it ruptured an areamuch shorter than the gap’s recognized
extent5,6,11,25. Over the twomonths surrounding theMaule mainshock,
earthquakesdemonstrated a typicalGutenberg–Richter relationship,with
a b value of,0.85 (ExtendedData Fig. 4). The Iquique sequence, on the
otherhand, is deficient inmoderate-to-largeevents (b< 0.73, in contrast
with b< 1.02 over the preceding year). Co-seismic2 and post-seismic26
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Figure 2 | Source processes of events in the March–April 2014 Iquique
earthquake sequence. RMTs of relocated earthquakes in this sequence are
shown and coloured by their location with respect to the slab interface; those
interpreted as upper plate events are green, lower plate earthquakes are blue,
and interplate events are red. Earthquakes are overlain on the preferred
fault-slip models for theM 8.2 andM 7.7 events (hypocentres are shown with
stars), with 2-m contour intervals. Dot–dashed lines in the background are slab
contours13, plotted every 10 km.
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Figure 1 | Tectonic setting of 2014 Iquique earthquake sequence. Rupture
areas of large historical earthquakes are indicated by grey (modelled) andwhite
(estimated) outlines. Relocated 2014 earthquakes are shown by colour:
foreshocks in red; those between the mainshock (largest orange circle) on
1April 2014 and the largest aftershock (M 7.7) on 3April in orange; and more
recent events in yellow. Rupture areas of theM 8.2 andM 7.7 events are
coloured and contoured at 2.0-m intervals. The extent of the northern Chile
seismic gap is indicated with arrows. Bathymetric data are taken from the
GEBCO_08 grid30.
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Waveform inversion is widely used for
constructing seismic source models;
however, models may differ substantially for
the same earthquake [e.g., Beresnev, 2003;
Razafindrakoto and Mai, 2014]. Waveform
inversion is especially problematic for large
earthquakes with a long source time
function, because seismic data for such
events are contaminated by various later
phases, which are difficult to calculate
accurately because of the limited accuracy
of the Green’s function. To cope with this
problem, we applied the newly developed
inversion method of Yagi and Fukahata
[2011a], in which the uncertainty of the
Green’s function is taken into account. One
of the clear advantages of this method is
that the effect of correlated modeling errors
is naturally mitigated, therefore making
possible to discuss the detailed rupture
process, including the small initial rupture
phase [Yagi and Fukahata, 2011b].
According to this method, the smoothness
of slip distribution is objectively determined
from the observed data, based on Akaike’s
Bayesian Information Criterion (ABIC)
[Akaike, 1980; Yabuki and Matsu’ura, 1992]
and the non-negative constraint for slip is
not needed.

We calculated the theoretical Green’s
function using the method of Kikuchi and
Kanamori [1991] with a sampling rate of
0.1 s. To explain the teleseismic waveforms,
we slightly modified the structure model of
Delouis et al. [2009]. We assumed that the
faulting occurred on a single plane and
adopted a hypocenter (19.572S, 70.908W;
depth = 22 km) and fault mechanism (strike
350°, dip 15°) that were slightly modified
from the CSN hypocenter and the Global
Centroid-Moment-Tensor (GCMT) solution
[http://www.globalcmt.org; last access on
18 April 2014], respectively. The fault area
used for the source process inversion was
taken as 225 km× 195 km, which was
expanded into bilinear B-splines with an
interval of 15 km. Recent studies show that
great earthquakes have a complex rupture
manner including back propagating
rupture and slip reactivation around the

hypocenter [e.g., Ide et al., 2011]. Therefore, we took a slip-rate duration of 56 s on each fault patch, which was
expanded into linear B-splines with an interval of 0.8 s. Based on preliminary analyses, we assumed that the
rupture front velocity can be up to 3.4 km/s, which yielded the start time of the linear B-splines at each
sub-fault. We also assumed no slip after 80 s from the initial rupture.

Figure 1. Total slip distribution, aftershock distribution, and moment-
rate function. (a) Map view of inverted total slip distribution of the 2014
off Iquique earthquake. Large and small stars indicate the epicenter of
the main shock and the largest aftershock, respectively. Also shown are
the focal mechanism of main shock determined in this study and the first
2days aftershocks (black circles), determined by the Centro Sismológico
Nacional (CSN), the University of Chile. The seismic source area of 1877 off
Iquique (M 8.8) earthquake [Chlieh et al., 2011] is indicated by a thick
dotted line. Topography and bathymetry are from ETOPO1 [Amante and
Eakins, 2009]. (b) The moment-rate function of the main shock.
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Kinematic analysis of theMw 8.1 Iquique rupture makes use of two
complementary approaches. First, we performedwaveformmodelling of
local strongmotion seismogramsand teleseismicbodywaves to constrain
the kinematic development of the rupture towards the final displacement
in a joint inversion with continuous GPS data of static displacements
(Figs 1 and 2a). Second, we used the backprojection technique applied
to stations inNorthAmerica tomap the radiationofhigh-frequency seis-
micwaves (HFSR; 1–4Hz)9,10. The latter technique isnot sensitive toabso-
lute slip amplitudes, but rather to changes in slip and rupture velocity.
During the first 35–40 s the rupture propagated downdipwith increas-
ing velocity, nearly reaching the coastline (Fig. 2a, b). Towards the end
of the rupture, the area near the epicentre was reactivated. In spite of
the relatively complicated kinematic history of the rupture, the cumu-
lative slip shows a simple ‘bullseye’ pattern with a peak co-seismic slip
of about 4.4m (Fig. 1), consistent with the slip model in ref. 11 based
on teleseismic anddeep-water tsunamiwave recordings.A slip patchof
similar size and magnitude has been found12 but with the highest slip
placed ,40 km further south from teleseismic-only recordings; how-
ever, this seems not to be compatible with onshore displacement mea-
surements fromGPS. The largest aftershock so farwas theMw 7.6 event
of 3April that, like themainshock, ruptured initially downdip. Rupture
thenpropagatednortheastwards, attaining apeak slipof 1.2mafter about
20 s. Both earthquakes broke a total of 200 km of the margin.
The Iquique rupture affected an area shown from geodetic analysis

to be a zone of intermediate interseismic coupling at 18.5u–21u S inter-
rupting the otherwise fully lockednorthernChile–southernPerugap8,13

(Fig. 3a). The Iquiquemainshock nucleated at the northwestern border
of a locked patch and ruptured towards its centre (Figs 2a and 3a). The
downdipendof themainshockand for the largeMw7.6aftershockrupture

mapped by both the HFSR and co-seismic slip agrees quite accurately
with the downdip end interseismic coupling (Figs 2a, c and 3a). The
accelerateddowndip rupture propagation for both earthquakes closely
followed the gradient towards higher locking. The Iquique event and
its largest aftershock therefore seemtohavebroken thecentral, onlypartly
locked segment of the northernChile–southernPeru seismic gap, releas-
ing part of the slip deficit accumulated here since 1877 (compare Fig. 1).
The seismicity before the Iquique earthquake also concentrated in this

zone of intermediate locking at the fringe of the highly locked, high-slip
patch (Fig. 3a). Starting in July2013, three foreshockclusterswith increas-
ingly larger peakmagnitudes and cumulative seismicmoment occurred
here (Figs 2c and 3a, c). Themainshock rupture started at the northern
end of the foreshock zone, inside the region of intermediate locking
(Figs 2c and 3a). The second foreshock cluster (January 2014) is associ-
atedwith aweak transient deformation,whereas the third cluster (March
2014) shows a very distinct transient signal. GPS displacement vectors
calculatedover the times spanning these foreshock clusterspoint towards
the cluster epicentres (ExtendedData Fig. 4). Deformation for both tran-
sients is entirely explained by the cumulative co-seismic displacement of
the respective foreshock clusters (Fig. 3d inset and ExtendedData Fig. 4).
The area affected by the foreshocks is then reactivated by the aftershock
sequence of the Iquique earthquake (Fig. 2c). Comparing this with the
long-term deformation history of the margin, we found that the same
area shows a high gradient of locking fromweakly locked updip to fully
locked downdip (Fig. 3a).
Additionally, the analysis of the frequency–magnitudedistributionof

the foreshocks reveals outstanding characteristics inboth the spatial and
temporal vicinities of the rupture.The earthquakenumberN as a function
of themagnitudeM is found to follow thewell-knownGutenberg–Richter
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Fig. 2. Seismicity preceding the Iquique earthquake. (A) 
Gray dots show the foreshocks from 16 to 31 March; the 
intensity of gray indicates the depths of the events. The slip 
distribution of Mw 8.1 and Mw 7.6 earthquakes inverted from 
far-field broad-band records of the FDSN network is shown 
with the color. (B) 15 km wide cross-section along the line A-

C) 15 km wide cross section along the B-
line. In the vertical cross-sections we plot the focal 
mechanisms of events with Mw larger than 4.6. Mechanisms 
were computed by broad band moment tensor analysis. The 
gray curve shows the seismogenic contact according to (16). 

Fig.	  2.	  Seismicity	  preceding	  the	  Iquique	  earthquake.	  (A)	  Gray	  dots	  show	  the	  foreshocks	  from	  16	  to	  31	  March;	  the	  intensity	  of	  
gray	  indicates	  the	  depths	  of	  the	  events.	  The	  slip	  distribuWon	  of	  Mw	  8.1	  and	  Mw	  7.6	  earthquakes	  inverted	  from	  far-‐field	  broad-‐
band	  records	  of	  the	  FDSN	  network	  is	  shown	  with	  the	  color.	  (B)	  15	  km	  wide	  cross-‐secWon	  along	  the	  line	  A-‐	  Aʹ′	  shown	  in	  (A).	  (C)	  15	  
km	  wide	  cross	  secWon	  along	  the	  B-‐Bʹ′	  line.	  In	  the	  verWcal	  cross-‐secWons	  we	  plot	  the	  focal	  mechanisms	  of	  events	  with	  Mw	  larger	  
than	  4.6.	  Mechanisms	  were	  computed	  by	  broad	  band	  moment	  tensor	  analysis.	  The	  gray	  curve	  shows	  the	  seismogenic	  contact	  
according	  to	  (16).	  
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(GFZ) Potsdam [http://geofon.gfz-potsdam.de/]. We focus on the continuous waveforms retrieved between
1 January and 6 April 2014.

The waveform data (both continuous and template waveforms) were filtered with a passband from 1 to
8 Hz and decimated from an interval of 0.01 s to 0.04 s. As template events, we used 375 available
earthquakes (184 foreshocks and 191 aftershocks) listed in the USGS event catalog occurring between
1 January and 6 April 2014 (Figure 1b). The magnitudes of most template events are>4.0 (Figure S1 in the
supporting information). To obtain template event waveforms and target waveforms, we cut a 10 s
window of the waveform starting from 5.0 s prior to the synthetic S wave arrival time. The synthetic
S wave arrival time from each template location to each station was calculated using a one-dimensional
seismic velocity structure derived from a series of seismic surveys conducted near the source region
(Table S1 in the supporting information) [e.g., Patzwahl et al., 1999; Andean Continental Research Project
Working Group, 2003].

We computed correlation coefficients between a template event waveform and a target waveform, shifting the
10 s window by increments of 0.04 s through the continuous waveforms. At each time step, we calculated
the average correlation coefficients over the seismic network whenever the total number of available station
channels was greater than 15. We set a threshold for event detection for each template as 10 times the
median absolute deviation of the average correlation coefficients calculated throughout the day of
interest. To remove multiple detections, we allocated the location of the detected event to that of the
template event with the highest correlation coefficient within the ±5 s window.

We identified 3348 events, which is nearly 10 times the number listed in the USGS catalog (375 events) (Figure S1
in the supporting information). As an example of a detected event missing from the catalog, our matched
filter technique recovered a moderate magnitude event (M 4.3) at a time when no seismic events are reported in
the USGS catalog (Figure 2). For more details of the matched filter technique, see Kato et al. [2013].

In addition, we extracted repeating earthquakes from the newly detected catalog using the waveform data
for earthquakes ofM 2 or greater. We selected earthquake pairs whose epicenter separations are up to 25 km
and calculated cross-correlation coefficients using 0.5–2, 1–4, 2–8, and 4–16Hz passband-filtered vertical
seismograms [e.g., Igarashi, 2010; Kato and Igarashi, 2012]. The time window of each seismogram was from
the P wave arrival to 30 s after the direct S wave arrival. We categorized repeating earthquake pairs as those
whose cross-correlation coefficients (for the frequency range roughly corresponding to the corner frequency of
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Fig. 3. Motion of coastal GPS stations preceding the 
Iquique earthquake. (A) North components and (B) East 
components relative to a linear evolution model with 
seasonal variations estimated since 2012 (14). The thick red 
line denotes the origin time of mainshock while the black 
dotted lines show the occurrence time of the Mw > 6 
foreshocks. 
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relation,N< 102bM.b valueshavebeenproposed to act as a stress sensor,
with lowb values indicatinghigh stresses14.Mapping theb value inFig. 3b
indicates significantly lower b values in the source area than in all other
regionswhere theb value canberesolved.Agradualdecrease in theb value
fromabout 0.75 to below 0.6 is observed in the source regionwithin the
three years before the Iquique earthquake (Fig. 3e). This only reverses
within the lastdaysof the foreshocksequence. Similardecreases inb values
before large megathrust earthquakes have recently been documented,
in particular for theM 9 Tohoku event15.
To reveal potential changes of background seismic activity related to

aseismicprocesses,we fit the foreshockseismicitybymeansofanEpidemic-
Type-Aftershock-Sequence (ETAS) model16, identifying only 42% of
pre-mainshock events asOmori-type aftershocks triggeredby larger fore-
shocks. Using the Akaike information criterion17, the remaining back-
ground rate is found to be significantly time dependent: we identified
four subsequent periods of almost constant background rates (Fig. 3d, e).
The mainshock preparation process seems to have been initiated by a
relative seismic quiescence, which starts at the same time as b values are
found to drop and ends in July 2013, when the background rate returns
to approximately thepre-quiescence values; the final phase starts 18days
before the quake,when the background seismicity increasesmore than
35-fold in conjunction with the onset of the final transient GPS signal.
Such a sequence of seismic quiescence, recovery and acceleration of

backgroundactivity is expected in the stress accumulation framework18.
On thebasis of the invertedETASparameters and the lowb values before
themainshock, the seismicity is expected to accelerate with time as the
result of abranching ratio—that is, the averagenumberofdaughter events
per earthquake—larger thanone indicatinga transient supercritical state19.
Hence, theperiod leading to the Iquique earthquakedocuments progres-
siveasperity failure, here observed inunprecedenteddetail. An increase

in foreshock activitypreceding subductionmegathrust events has repeat-
edly been reported18,20,21. In contrast to, for example, the foreshocks of
the 2011M 9Tohoku-Oki earthquake21,which started about threeweeks
before themainshock, the foreshock clusters described here have been
active since the start of our observations in 2007. However, only more
recently have foreshocks with increasing magnitudes and thus more
fertile aftershock sequences resulted in a supercritical state with self-
accelerating seismicity19. This ultimatelyallowed an earthquake tonucle-
ate that was strong enough to break into the stronger locked and thus
aseismic part of the interface. From the spatial correlation of foreshock
activity and slip gradients with the Iquique mainshock rupture region,
we infer gradual unlocking of the plate interface. Moreover, the start of
the decrease in b value,3 years ago, in spite of constant plate conver-
gence and loading rate, indicates a physical change at the plate interface.
Fromonly intermediate locking the Iquique segment seems tohavebeen
dominatedbymostly smaller lockedasperities embedded in a condition-
ally stable environment, if we assume that rate and state frictional beha-
viour is controlling locking and creep22–24. Progressive rupturing of the
smaller asperities by foreshocks will have loaded the remaining larger
asperities in this zone until their failure: this evolution may be seen as
the culminationof a runawayprocess as the likely keymechanism lead-
ing up to the Iquique earthquake. Both the rupture direction and speed
of the mainshock and its triggered large aftershock are controlled by
the stress gradient in the remaining asperities, corroborating theoretical
analysis25. This indicates thatnotonly the size of larger asperities but also
their stress topography is important for understanding the propagation,
acceleration and stoppingofmegathrust earthquakes. The Iquique event
broke a region of heterogeneous coupling,where rupture not only broke
amoderate-sized asperity but alsopenetrated into aweakly coupled zone,
possibly by dynamic weakening26.
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slip during the Maule sequence indicated rupture of most of the seis-
mogenic zone, resulting in aftershockmechanisms that spannedabroad
range of the faulting spectrum (Extended Data Fig. 4). In contrast, the
Iquique sequencehasnot elicitedaclearupperplateorouter rise response.
Future studiesof regionalGPSdata27may reveal the extentofpost-seismic
interface slip and its relation to the 2014 Iquique sequence.
WecanuseCoulombfailure stress (DCFS) analysis28 to assesswhether

the 2014 Iquique earthquake sequence followed a spatial and temporal
migration pattern dictated by the stress changes caused by previous
earthquakes.DCFScalculations (Fig. 3) showthat 18of the20 foreshocks
with associated RMTs ruptured the megathrust interface where it had
been positively stressed by previous events, and loaded the hypocentral
region of the subsequent M 8.2 event by 0.04MPa. It thus seems that
the northward migration of foreshocks responded to cascading DCFS,
ultimately leading to themainshock.Thehypocentral regionof theM 7.7
aftershock was loaded 0.25MPa by themainshock and the first 27 h of
aftershocks. Aftershocks have generally nucleated in areas of increased
DCFS, surrounding themain slip patches of the largest events. Overall,
the hypocentres of ,70% of relocated aftershocks (94 of 138 events)
occurred inareasofpositiveDCFS. Ifuncertainties inrelocatedhypocentres
(62–3km)are considered (Fig. 3),more than80%of aftershocksoccurred
in regions of positiveDCFS, lending support to the real-timeuse ofDCFS
modelling as earthquake sequences unfold to aid in anticipating likely
locations for subsequent events.
Analysis ofmoment accumulation and release along theplatemargin

(Fig. 4) shows that themain asperity ruptured in theM 8.2 earthquake
partly filled a historical gap in moment relative to adjacent sections of
the arc. TheMarch 2014 foreshocks began near the northern extent of
the 1933 event, and moved northwards. Despite surrounding regions
of largermomentdeficit, the southernportionof theM 8.2 and theM 7.7
aftershock ruptured approximately the same region as the 1933 event.
Moment fromboth large 2014earthquakes, and fromall historical events,
falls off rapidly to the south between 20u S and 21u S; here, a 50–80-km
section of arc has seen little to no seismic activity over the past century
ormore, until thenorthernextentof the1967M7.4 earthquake is reached.
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Figure 3 | Coulomb failure (DCFS) stress changes for foreshocks and
aftershocks. DCFS is resolved onto the subduction zone interface13 1 day
before the mainshock (a) and after the largest aftershock (b). Earthquakes are
coloured by the localDCFS resulting fromprevious earthquakes, at their time of
occurrence; light grey symbols indicate negative stress changes, and dark
grey symbols, positive. The slip models of the mainshock and theM 7.7
aftershock are shown with white contours (1 m intervals). The dashed box
in b represents the spatial extent of the region in a.
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Continuingmegathrust earthquake potential in Chile
after the 2014 Iquique earthquake
Gavin P. Hayes1, Matthew W. Herman2, William D. Barnhart1, Kevin P. Furlong2, Sebástian Riquelme3, Harley M. Benz1,
Eric Bergman4, Sergio Barrientos3, Paul S. Earle1 & Sergey Samsonov5

The seismic gap theory1 identifies regions of elevated hazard based
on a lack of recent seismicity in comparisonwith other portions of a
fault. Ithas successfully explainedpast earthquakes (see, for example,
ref. 2) and is useful for qualitatively describing where large earth-
quakes might occur. A large earthquake had been expected in the
subduction zone adjacent to northern Chile3–6, which had not rup-
tured in a megathrust earthquake since aM 8.8 event in 1877. On
1 April 2014 a M8.2 earthquake occurred within this seismic gap.
Herewepresent an assessmentof the seismotectonics of theMarch–
April 2014 Iquique sequence, including analyses of earthquake reloca-
tions,moment tensors, finite faultmodels,momentdeficit calculations
and cumulative Coulomb stress transfer. This ensemble of informa-
tion allows us to place the sequence within the context of regional
seismicity and to identify areas of remaining and/or elevatedhazard.
Our results constrain the size and spatial extent of rupture, and indi-
cate that thiswasnot theearthquake thathadbeenanticipated. Signifi-
cant sectionsof thenorthernChile subduction zonehavenot ruptured
in almost 150 years, so it is likely that future megathrust earthquakes
will occur to the south and potentially to the north of the 2014 Iqui-
que sequence.
On 1 April 2014, aM 8.2 earthquake ruptured a portion of the sub-

ductionzone innorthernChileoffshoreof the cityof Iquique, amajorport
and hub for the country’s coppermining industry. Peak shaking inten-
sities reached MMI VIII on land, and a tsunami,2m high hit coastal
towns in southernPeru andnorthernChile. Six fatalitieswere attributed
to the event, and at least 13,000 homeswere damaged or destroyed. Pre-
liminary estimates suggest total economic losses close toUS$100million7.
A megathrust earthquake in this region was not unexpected; 230

M.3.5 earthquakes occurredoffshoreof IquiquebetweenAugust 2013
andMarch 2014, a 950% increase in the rate from January to July 2013
(ref. 8). Over the threeweeks before the event, thereweremore than 80
earthquakes betweenM 4.0 andM 6.7 (Fig. 1).Before the recent sequence,
this subduction zone (between,19.5u S and 21u S) had been identified
as a seismic gap3,4, last rupturing in aM,8.8 earthquake in 1877. The
1April eventwas followedbya vigorous aftershock sequencewithmore
than100M$4 earthquakes, including aM 7.7 aftershocknear the south-
ernmost extent of theM 8.2 rupture.
The seismic moment of all 2014 earthquakes to date equates to an

event of justM,8.3, much smaller than the estimated size of the 1877
earthquake and of the potential event that could fill the seismic gap5,6

(Methods). The earthquake sequence spans a section of the subduction
zone about one-third of the size of the inferred 1877 rupture9. It remains
unknown how subduction zones behave over multiple seismic cycles
and whether any given section can be associated with a characteristic
earthquake, making it unclear whether this seismic gap should behave
in the twenty-first century as it did in thenineteenth.Observations sug-
gest that enough strain has accumulated along this plate boundary seg-
ment to host an earthquake close toM 9 (see, for example, ref. 5), and
earthquakes of this size have occurred in the past. The expectation from

a seismic hazard perspective is that the fault can host another event of
a similar magnitude. Although a great-sized earthquake here had been
expected, it is possible that this event was not it10.
Sections of this subduction zone have ruptured since 1877 (Fig. 1),

most notably in 1967, in aM 7.4 event between,21.5u S and 22u S, and
in the 2007M 7.7Tocopilla earthquakebetween,22u S and23.5u S. Slip
during these events was limited to the deeper extent of the seismogenic
zone, leaving shallower regions unruptured6,11. Farther south, the 1995
M 8.1Antofagasta earthquakebroke the seismogenic zone immediately
southof theMejillonesPeninsula, a feature argued to beapersistent bar-
rier to rupture propagation11,12. Adjacent to the southern coast of Peru,
a seismic gap associatedwith the 1868M 8.8 rupturewas partly filledby
the 2001 M 8.4 Arequipa earthquake. Coupling models5 indicate that
strain accumulationmay remain to the southeast of theArequipa event,
towards the northernmost edge of the 2014 rupture in Chile (a section
,200 km long).However,within that zone adjacent toArica, at the pro-
nounced bend in the subduction zone andPeru–Chile Trench, coupling
is low and may not support throughgoing rupture.
The National Earthquake Information Center (NEIC) and Centro

SismológicoNacional (CSN)W-phase centroidmoment tensor (CMT)
solutions for the 1April 2014 earthquake align with the slab interface13

and indicate a seismicmoment of (1.00–2.35)3 1021Nm (Mw5 8.07–
8.18). Our finite fault solution14 (Methods and Fig. 2) describes a rup-
ture area in the deeper portion of the seismogenic zone, with a peak slip
of ,8m to the southeast of the hypocentre at depths of ,30–40 km.
Shallower slip to the north is not well resolved but may account for the
generation of a local tsunami. Slip extendedonly,50 kmalong the inter-
face from the hypocentre, a very compact rupture area for an earth-
quake of this size15. The location of peak slip in thismodel is consistent
withW-phase CMT inversions (Extended Data Fig. 1), slab geometry
(Extended Data Fig. 2) and the centroid location of an updated CMT
(Methods).
Thismodel alsomatches inversionsof regional geodeticdata (Methods

andExtendedData Fig. 3), which donot uniquely resolve slip up-dip of
the hypocentre but place strong constraints on the location and extent
of slip between the hypocentre and the coast, and on its down-dip edge.
Geodeticmodels show that slip during themainshock endedwest of the
coastline, in agreementwith (perhaps slightlyup-dipof) seismicmodels.
Tsunamimodels16 place better constraint on shallowslip, and show little
motion up-dip and west of the hypocentre.
Earthquakes in this sequencewere relocatedbyusing amultiple-event,

hypocentroidaldecomposition17 algorithm,using seismicphasedata from
local, regional and global stations. This allows us to interpret locations
within a consistent, regionally anchored and absolute framework2,18.
Beginningon16Marchwith aM 6.7 earthquake, the foreshock sequence
generated more than 80M$4 earthquakes (Fig. 2), showing a north-
wardmigration towards the epicentreof the1AprilM8.2 event (Extended
DataFig. 4).Over the followingweek, theNEICrecorded140M$4after-
shocks, including a M 7.7 event on 3April, 27 h after the mainshock.
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Multiple slow-slip events during a foreshock
sequence of the 2014 Iquique, Chile
Mw 8.1 earthquake
Aitaro Kato1,2 and Shigeki Nakagawa2

1Earthquake and Volcano Research Center, Graduate School of Environmental Studies, Nagoya University, Nagoya, Japan,
2Earthquake Research Institute, University of Tokyo, Tokyo, Japan

Abstract To obtain a precise record of the foreshock sequence before the 2014 Iquique, Chile Mw 8.1
earthquake, we applied a matched filter technique to continuous seismograms recorded near the source
region. We newly detected about 10 times the number of seismic events listed in the routinely constructed
earthquake catalog and identified multiple sequences of earthquake migrations at speeds of 2–10 km/d,
both along strike and downdip on the fault plane, updip of the main shock area. In addition, we found
out repeating earthquakes from the newly detected events, likely indicating aseismic slip along the plate
boundary fault during the foreshock sequence. These observations suggest the occurrence of multiple
slow-slip events updip of the main shock area. The final slow-slip event migrated toward the main shock
nucleation point. We interpret that several parts of the plate boundary fault perhaps experienced slow slip,
causing stress loading on the prospective largest slip patch of the main shock rupture.

1. Introduction

The 1 April 2014 Iquique, Chile Mw 8.1 earthquake occurred at 23:46 (UTC) along a megathrust fault off
northernmost Chile [An et al., 2014; Lay et al., 2014], where the Nazca plate is subducting beneath the South
American plate at a convergence rate of ~8 cm/yr [Angermann et al., 1999]. The plate convergence has
produced a series of large subduction earthquakes along the Peru-Chile Trench (Figure 1a). Northernmost
Chile has been quiescent for 136 years since the 1877 M 8.6 earthquake, resulting in a current “North Chile
seismic gap” stretching for ~450km length along the strike of the plate boundary [e.g., Khazaradze and Klotz,
2003; Chlieh et al., 2004]. Recent geodetic measurements show that the North Chile seismic gap comprises
at least two highly locked segments bounded by narrow areas of relatively weak coupling offshore from
Iquique [Métois et al., 2013; Béjar-Pizarro et al., 2013]. The 2014 Iquique, Chile earthquake occurred in
this area of relatively weak coupling within the seismic gap, where the rate of background seismicity is
higher than in the surrounding highly locked segments.

According to the U.S. Geological Survey (USGS) catalog (USGS National Earthquake Information Center:
http://earthquake.usgs.gov/regional/neic/), the main shock was preceded by intensive foreshock sequence
lasting around 15 days (Figure 1b) [Brodsky and Lay, 2014; Lay et al., 2014; Yagi et al., 2014]. The largest
foreshock (Mw 6.7), which had a focal mechanism similar to that of the main shock, occurred on 16 March
2014 at ~40 km south of the main shock hypocenter. The foreshock sequence in the USGS catalog shows a
migration or movement toward the main shock hypocenter after 16 March, and the foreshocks were
located outside of the largest slip patch of the main shock rupture (Figure 1b). Such a spatiotemporal
evolution of the foreshock sequence provides a unique opportunity to investigate the nucleation process
of the main shock rupture [e.g., Bouchon et al., 2011; Kato et al., 2012; Bouchon et al., 2013]. However, the
detailed evolution of the foreshock sequence is unclear and poorly understood, as many of the seismic events
are likely missing from the existing USGS catalog. Such missed events arise because small-magnitude
earthquakes are masked by overlapping arrivals from many earthquakes, or because successive earthquakes
occur over short time intervals [e.g., Enescu et al., 2007; Peng and Zhao, 2009; Kato et al., 2013].

To obtain a precise record of the foreshock sequence before the 2014 Iquique, Chile earthquake, we applied a
cross-correlation detector technique [e.g., Kato et al., 2013] to continuous seismograms recorded near the
source region. The newly detected events clearly illustrate multiple sequences of earthquake migrations
during the foreshock sequence, both along strike and downdip on the fault plane. In addition, we extracted
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Since the giant Mw 8.8 mega-thrust earthquake of 1877 (1 4
km long region stretching from Arica (18°S) to the Mejillones Peninsula 
(24.5°S, Fig. 1) has had relatively few major seismic events with only 
moderate Mw < 8 events in 1933, 1967, and 2007 (4 9). Based on recent 
geodetic data (5, 10, 11), the degree of interseismic coupling the ratio 
between the interseismic slip rate and the plate convergence velocity in 
the area shows two distinct highly-coupled segments (Loa and Cama-
rones). They are separated by a low coupling zone (LCZ) offshore Iqui-
que (5). On 1 April 2014, a ~150 km long portion of the gap broke in an 
Mw 8.1 earthquake after a strong precursory activity that started on 16 
March (12, 13). Understanding the complex nucleation phase preceding 
the Mw 8.1 mainshock and its coseismic rupture should provide insights 
into the seismic gap history, present-day seismic hazard, and nucleation 
process of megathrust earthquakes. 

Seismic activity preceding the Iquique earthquake initiated in a re-
gion between 19.5°S and 21°S, where coupling ranges from 0.2 to 0.5 
(5) ; that is the plates are slowly creeping past each other at a fraction of 
plate rate [when the plates are fully locked, coupling is 1.0]. This region 
was actively monitored because its seismic activity had steadily in-
creased since 2008 with repeated interplate thrust events of magnitude 
smaller than 4.0. Several seismic clusters were located in this region by 
the National Seismological Center of Chile (CSN) (Fig. 1 and fig. S1); 
some of these clusters were associated with persistent micro-seismicity 
observed by the nearest seismological stations (fig. S2). Global catalogs 
reveal an increase in seismicity near Iquique since 2005, compared with 
the previous 10 years (fig. S3). In order to understand the seismicity that 
preceded the 1 April mainshock we used the events listed in the CSN 
catalog to relocalize and estimate the focal mechanism of several fore-
shocks of this sequence. Simultaneously, we calculated the GPS time 
series of the closest permanent stations up to the date of the mainshock 
and inverted for the slip rate on the plate interface (14). 

The most recent seismic activity in northern Chile started on 4 Janu-

ary 2014, when an Mw 5.7 interplate 
thrust event took place at (20.69°S, 
70.80°W) on the southern edge of the 
Iquique LCZ (5). On 8 January, another 
Mw 5.7 event occurred in the same area. 
The automatic location system of CSN 
identified 30 events in a smaller region 
of 15 km ! 15 km, in the period from 4 
to 24 January 2014. Then on 12 Janu-
ary, a small cluster of 6 identified 
events occurred north of the previous 
ones at (19.7°S, 71.0°W). During Feb-
ruary 2014, another small cluster oc-
curred near (19.4°S, 71.0°W), where 16 
events with ML 2.4 to 4.0 were identi-
fied (Fig. 1, fig. S4, and table S1). On 
15 March, the area was re-activated 
with 11 events of ML 2.6 to 4.6, fol-
lowed on 16 March by the first big 
foreshock of Mw 6.7, about 50 km 
South and with a slightly deeper cen-
troid (fig. S4). This event triggered a 
persistent precursory seismicity, includ-
ing an Mw 6.3 earthquake on 22 March, 
which slowly moved northwards and 
lasted until the occurrence of the 1 
April 2014 Mw 8.1 event (Fig. 2 and fig. 
S4). 

Overall, these foreshocks delineate 
a region that spans ~150 km along the 
strike of the subduction zone. We relo-

cated this precursory seismicity and computed regional seismic moment 
tensor using a linear time-domain, broad-band waveform inverse method 
(15) (Fig. 2). The centroid of the Mw 6.7 precursor of 16 March was only 
10 km deep, in an area where the seismogenic interface is at about 20 km 
depth (16) (Fig. 2 and fig. S5). This event had a reverse focal mechanism 
with a strike of 277° that is at a sharp angle with respect to the trench 
(Fig. 2A). During a week, a persistent seismicity occurred in a zone of 
10 km radius (Fig. 2C), most of these events were located inside the 
shallow South-American plate and had very diverse focal mechanisms. 
On 22 March a new Mw 6.3 foreshock occurred about 30 km north of the 
16 March foreshock. After this event precursory seismicity moved to the 
vicinity of the 22 March foreshock with depths and mechanisms indicat-
ing that it occurred at the plate interface (Fig. 2B). 

From 16 March until the 1 April mainshock (i.e., for 17 days), all the 
cGPS stations located along the coast between Iquique and Pisagua 
started to move trench ward (Fig. 3). This slowly increasing westward 
motion contrasts with the usual inland-directed inter-seismic motion. 
The displacements measured during this period were quite large (more 
than 5 mm for the stations located between Iquique and Pisagua and 
about a cm at the PSGA station). Only a fraction of this cumulative dis-
placement (up to 20%) can be attributed to the largest foreshock of 16 
March (Mw 6.7), suggesting that slow aseismic slip was taking place 
offshore, concurrently with the development of the precursory seismici-
ty. Whether this motion started slightly before, or coincided with, the 16 
March fore-shock is beyond the current GPS resolution. We inverted for 
the slip distributions on the subduction interface that best reproduce the 
observed displacements using Okada's formulas for an elastic half-space 
(14) (Fig. 4). We found a slip of ~0.8 m for the Mw 6.7 events of 16 
March, located in a narrow area in the vicinity of the CSN epicenter. We 
then computed the aseismic slip for the period from 10 March to the 
mainshock, that extends over an area of 70 km ! 20 km located between 
the fore-shocks and the coast (Fig. 4). 

Intense foreshocks and a slow slip 
event preceded the 2014 Iquique Mw 
8.1 earthquake 
!"#$%&'()*#+"#+,-.&/(0#1"#2%,3'45&64(7#8"#$%&'()#2"#9,:-.3(;#$"#<=436&3(>#?"#
@&A3:(B#$"#+464=&4A4(B#8"#?4CD./)#
1Departamento de Geofísica, Facultad de Ciencias Físicas y Matemáticas, Universidad de Chile, Chile. 
2Istituto Nazionale di Geofisica e Vulcanologia, Centro Nazionale Terremoti, Rome, Italy. 3School of 
Environmental Sciences, University of Liverpool, UK. 4Centro Sismológico Nacional, Facultad de Ciencias 
Físicas y Matemáticas, Universidad de Chile, Chile. 5Institut de Physique du Globe de Paris, Sorbonne 
Paris Cité, Univ Paris Diderot, UMR 7154 CNRS, Paris, France. 6Laboratoire de Geologie, UMR8538 
CNRS Ecole Normale Superieure, Paris, France. 
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The subduction zone in Northern Chile is a well identified seismic gap that last 
ruptured in 1877. The Mw 8.1 Iquique earthquake of 1 April 2014 broke a highly 
coupled portion of this gap. To understand the seismicity preceding this event, we 
studied the location and mechanisms of the foreshocks and computed GPS time 
series at stations located on-shore. Seismicity off-shore Iquique started to increase 
in January 2014. After 16 March several Mw > 6 events occurred near the low 
coupled zone. These events migrated northward for about 50 km until the 1 April 
earthquake occurred. On 16 March on-shore cGPS stations detected a westward 
motion that we model as a slow slip event situated in the same area where the 
mainshock occurred. 
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Gradual unlocking of plate boundary controlled
initiation of the 2014 Iquique earthquake
Bernd Schurr1, Günter Asch1, Sebastian Hainzl1, Jonathan Bedford1, Andreas Hoechner1, Mauro Palo1, Rongjiang Wang1,
Marcos Moreno1, Mitja Bartsch1, Yong Zhang2, Onno Oncken1, Frederik Tilmann1, Torsten Dahm1, Pia Victor1, Sergio Barrientos3

& Jean-Pierre Vilotte4

On1April 2014,NorthernChilewas struckby amagnitude8.1earth-
quake followingaprotracted seriesof foreshocks.The IntegratedPlate
BoundaryObservatoryChilemonitored the entire sequence of events,
providingunprecedented resolutionof thebuild-up to themainevent
and its rupture evolution.Herewe show that the Iquique earthquake
broke a central fraction of the so-called northern Chile seismic gap,
the last major segment of the South American plate boundary that
hadnot ruptured in the past century1,2. Since July 2013 three seismic
clusters, each lasting a fewweeks, hit this part of the plate boundary
with earthquakes of increasing peak magnitudes. Starting with the
secondcluster, geodeticobservationsshowsurfacedisplacements that
can be associatedwith slip on the plate interface. These seismic clus-
ters and their slip transients occupiedapartof theplate interface that
was transitionalbetweena fully lockedandacreepingportion.Leading
up to this earthquake, theb valueof the foreshocksgradually decreased
during the years before the earthquake, reversing its trenda fewdays
before the Iquique earthquake. The mainshock finally nucleated at
the northern end of the foreshock area,which skirted a locked patch,
and rupturedmainlydowndip towards higher locking.Peak slipwas
attained immediatelydowndipof the foreshock regionandat themar-
gin of the locked patch. We conclude that gradual weakening of the
central part of the seismic gap accentuated by the foreshock activity
in a zoneof intermediate seismic couplingwas instrumental in caus-
ing final failure, distinguishing the Iquique earthquake from most
great earthquakes. Finally, only one-third of the gapwas broken and
the remaining locked segments nowpose a significant, increased seis-
michazardwith thepotential tohost anearthquakewith amagnitude
of.8.5.
The northern Chile–southern Peru seismic gap last broke in 1877 in

a great earthquake (Mw,8.8)1 that ruptured from south ofArica to the
Mejillonespeninsula (seeFig. 1). The reportedhistorical recurrence inter-
val for the past 500 years in this region has been estimated at 1116 33
years1,making it probably themostmature seismic gap along the South
American plate boundary. In the past two decades the two adjoining
segments south and north broke in theMw 8.1 Antofagasta earthquake
of 1995 (refs 3, 4) and theMw 8.4Arequipa earthquake of 2001 in south-
ern Peru5. In the previous cycle the southern Peru and northern Chile
segments brokewithin few years (Fig. 1), suggesting that theymight be
coupled in time1. The imminence of a large megathrust event in this
region motivated the setting up of an international monitoring effort
with the Integrated Plate BoundaryObservatory Chile (IPOC). Having
started in 2007, there now exists an exceptional database that monitors
the gradual plate boundary failurewith various geophysical techniques.
Several major earthquakes (Mw.7) have occurred in this gap since

1850 (Fig. 1); the largest until nowwas theMw 7.7Tocopilla earthquake
in2007,whichbroke the southern rimof this segment beneath andnorth
ofMejillones peninsula along a total length of 150 km.Only the down-
dip end of the locked zone slipped in this event, and the total slip in the

rupture area was less than 2.6m (refs 6, 7) leavingmost of the past slip
deficit of,8–9maccumulated since 1877unaffected8.On1April 2014,
theMw 8.1 Iquique earthquake north of Iquique struck the central por-
tion of the gap. Using seismological and geodetic observations we here
analyse the rupture, its relationship toprevious lockingof theplate inter-
face, and the pre-seismic transients leading up to the earthquake.

1GFZ Helmholtz Centre Potsdam, German Research Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany. 2School of Earth and Space Sciences, Peking University, Beijing 100871, China.
3Centro SismológicoNational, UniversidaddeChile, Facultad deCiencias Fı́sicas yMatemáticas, Blanco Encalada2002, Santiago, Chile. 4Institut de Physique duGlobe de Paris, 1, rue Jussieu, 75238Paris
cedex 05, France.
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Figure 1 | Map of Northern Chile and Southern Peru showing historical
earthquakes and instrumentally recorded megathrust ruptures. IPOC
instruments used in the present study (BB, broadband; SM, strong motion) are
shown as blue symbols. Left: historical1,2 and instrumental earthquake record.
Centre: rupture length was calculated using the regression suggested in ref. 28,
with grey lines for earthquakesM.7 and red lines for Mw.8. The slip
distribution of the 2014 Iquique event and its largest aftershock derived in this
study are colour coded, with contour intervals of 0.5m. The green and black
vectors are the observed and modelled horizontal surface displacements of the
mainshock. The slip areas of the most recent other large ruptures4,5,7 are also
plotted. Right: moment deficit per kilometre along strike left along the plate
boundary after the Iquique event for moment accumulated since 1877,
assuming current locking (Fig. 3a). The total accumulated moment since 1877
from 17u S to 25u S (red solid line) is 8.97; the remaining moment after
subtracting all earthquake events withMw.7 (grey dotted line) is 8.91 for the
entire northern Chile–southern Peru seismic gap.
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The 1 April 2014 Iquique, Chile, Mw 8.1 earthquake
rupture sequence
Thorne Lay1, Han Yue1, Emily E. Brodsky1, and Chao An2

1Department of Earth and Planetary Sciences, University of California, Santa Cruz, California, USA, 2School of Civil and
Environmental Engineering, Cornell University, Ithaca, New York, USA

Abstract On 1 April 2014, a great (Mw 8.1) interplate thrust earthquake ruptured in the northern
portion of the 1877 earthquake seismic gap in northern Chile. The sequence commenced on 16
March 2014 with a magnitude 6.7 thrust event, followed by thrust-faulting aftershocks that migrated
northward ~40 km over 2weeks to near the main shock hypocenter. Guided by short-period teleseismic
P wave backprojections and inversion of deepwater tsunami wave recordings, a finite-fault inversion of
teleseismic P and SH waves using a geometry consistent with long-period seismic waves resolves a
spatially compact large-slip (~2–6.7m) zone located ~30 km downdip and ~30 km along-strike south of
the hypocenter, downdip of the foreshock sequence. The main shock seismic moment is 1.7 × 1021 N m
with a fault dip of 18°, radiated seismic energy of 4.5–8.4× 1016 J, and static stress drop of ~2.5MPa.
Most of the 1877 gap remains unbroken and hazardous.

1. Introduction

Northern Chile experienced a great subduction zone megathrust earthquake on 9 May 1877 with an
estimated seismic magnitude of 8.7–8.9 [Comte and Pardo, 1991] and a tsunami magnitude Mt of 9.0. Recent
geodetic measurements of eastward deformation of the upper plate indicate that most of the 1877 rupture
zone (Figure 1) from 19°S to 23°S has a high coupling coefficient, albeit with some patchiness along strike and
along dip [e.g., Béjar-Pizarro et al., 2013; Métois et al., 2013]. This region has been identified as the north
Chilean seismic gap [Kelleher, 1972; Nishenko, 1985] based on the lack of large earthquakes for the 137 years
over which the Nazca plate has been underthrusting South America at about 65mm/yr [DeMets et al., 2010].
On the order of 6 to 9m of slip deficit may have accumulated since 1877. The earthquake history prior to
1877 is uncertain [Nishenko, 1985; Comte and Pardo, 1991], so it is unclear whether the region regularly fails in
huge single ruptures or intermittently in larger ruptures then sequences of smaller ruptures, as is the case
along the Ecuador-Colombia coastline [Kanamori and McNally, 1982]. The rupture zone of the 1868 Peru
earthquake, with an estimated seismic magnitude of 8.5–8.8, partly reruptured in the 23 June 2011 Mw 8.4
Peru earthquake (Figure 1), leaving an ~100 km long region offshore of southeastern Peru just north of the
1877 gap that may also have large slip deficit [e.g., Loveless et al., 2010].

On 16 March 2014, a Mw 6.7 thrust event occurred on or near the megathrust about 60 km north-
northwest of Iquique, Chile, and was followed by two weeks of thrust aftershocks that slowly migrated
(~20 km/week) northward along the megathrust from 20.2°S to 19.6°S. The location of this sequence in
the northern portion of the 1877 seismic gap focused attention on the region, and on 1 April 2014, a Mw

8.1 interplate thrust earthquake initiated at the northern end of the foreshock sequence (19.642°S,
70.817°W, 23:46:46 UTC [U.S. Geological Survey (USGS) National Earthquake Information Center (NEIC):
http://earthquake.usgs.gov/regional/neic/]). The global centroid moment tensor (gCMT) solution for this
event [http://www.globalcmt.org/CMTsearch.html] indicates an almost purely double-couple faulting
geometry with strike 357°, dip 18°, and rake 109° at a centroid depth of 21.9 km and centroid location
south of the hypocenter (19.77°S, 70.98°W), with a centroid time shift of 42.5 s and seismic moment of
1.69 × 1021 N m (Mw 8.1) (Figure 1). A substantial aftershock sequence ensued, the largest of which
occurred on 3 April 2014 with Mw 7.7 (02:43:14 UTC, 20.518°S, 70.498°W, centroid depth 31.3 km), 49 km
southwest of Iquique. The region extending from updip of the 3 April event southward to ~23°S, updip
of the 2007 Mw 7.7 Tocopilla earthquake rupture zone [e.g., Béjar-Pizarro et al., 2010; Schurr et al., 2012],
remains strained and has potential for either an ~Mw 8.5 event or several smaller great events (Figure 2).
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Key Points:
• The 1 April 2014 Mw 8.1 earthquake
ruptured about 20% of the 1877
seismic gap

• The rupture was very localized and did
not rupture to the trench

• The northern and southern ends of the
1877 gap have now had similar ruptures
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PERSPECTIVES

Recognizing Foreshocks from 
the 1 April 2014 Chile Earthquake

GEOPHYSICS

Emily E. Brodsky and Thorne Lay  

Seismic activity preceding recent large 

earthquakes, including the 1 April 2014 

earthquake in Chile, hints that some large 

earthquakes may potentially be predictable.

breaks down rapidly as the pests or patho-
gens evolve to evade or overcome the resis-
tance gene. Transgenic approaches allow the 
simultaneous introduction of multiple differ-
ent resistance genes (stacking) into a single 
plant variety, which generates more durable 
resistance in a desired variety. This strategy 
is analogous to the use of drug combinations 
(cocktails) when treating diseases like tuber-
culosis and HIV infection, and has proven 
effective both in disease treatment and in 
preventing the emergence of multidrug-
resistant bacteria and viruses.

Transgenic modification also permits 
the alteration of specifi c biochemical path-
ways and genetic networks. Examples can 
be found among efforts to enhance nutri-
tion, including the genetic modifi cation of 
“golden rice” to increase its beta-carotene 
content ( 11). The overexpression of a tran-
scription factor from the flowering plant 
Arabidopsis thaliana in soybean dramati-
cally boosts grain yield by extending the 
length of time of vegetative development. 
The result is a larger plant capable of sup-
porting greater seed yield ( 12). Improved 
water-use and nitrogen-use effi ciencies are 
attractive targets to increase yields while 

reducing unsustainable inputs such as irriga-
tion water and nitrogen fertilizer ( 6). More 
audacious goals include the transgenic engi-
neering of rice (and other C3 crops) to intro-
duce C4 metabolism—a more effi cient car-
bon fi xation pathway—and thereby increase 
photosynthetic capacity ( 13).

Although the “intelligent breeding” 
approach that is guided by DNA mark-
ers has been much less controversial, there 
remains considerable public opposition 
to the deployment of genetically modifi ed 
organisms (GMOs), especially in the food 
supply. One consequence has been the focus 
of regulatory agencies on the technology to 
develop the plant rather than on the proper-
ties of the engineered plant itself. This regu-
latory morass has delayed the availability of 
golden rice more than a decade at a proba-
ble cost of tens of millions of lives ( 6,  14). 
Efforts to address concerns about the safety 
of GMOs have chiefl y focused on evidence-
based refutation of claims of real and poten-
tial adverse outcomes ( 6), but have not alle-
viated concerns. The scientifi c community 
is understandably reluctant to move beyond 
evidence-based logic, but must explore new 
approaches to advocate GMOs.

In seeking new crops to sustainably feed 
an expanding world population, there is com-
pelling need for a multipronged approach 
that includes traditional breeding, molecular 
breeding, and genetic modifi cation. We need 
to accelerate this new green revolution in the 
lab, in the fi eld, and through better communi-
cation outside the scientifi c community if we 
are to address the nearly 3 billion chronically 
undernourished people worldwide. 
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        A
re there measurable, distinctive pre-
cursors that can warn us in advance 
of the planet’s largest earthquakes? 

Foreshocks have long been considered the 
most promising candidates for predicting 
earthquakes. At least half of large earth-
quakes have foreshocks, but these fore-
shocks are diffi cult or even impossible to 
distinguish from non-precursory seismic 
activity. The foreshocks for the 1 April 2014 
Chile event and other recent large earth-
quakes suggest that observable precursors 
may exist before large earthquakes.

Statistical models of interacting earth-
quakes suggest that big earthquakes are 
most likely to happen when regional earth-
quake activity is already high ( 1– 4). How-
ever, the same models also indicate that the 

probability of any given earthquake being a 
foreshock is low, because small earthquakes 
are often not followed by large ones.

Data for the 2011 Mw 9.0 Tohoku, Japan, 
earthquake suggest that detectable pre-
cursory processes may occur for some 
large plate boundary earthquakes. Twenty-
three days before the earthquake, a series 
of smaller earthquakes began, migrating 
toward the future mainshock hypocentral 
region at a rate of several kilometers per 
day; then, 2 days before the mainshock, a Mw 
7.3 earthquake struck within 10 km of the 
mainshock nucleation site (see the fi gure, 
panel A). Data from geodetic instruments 
recovered from the sea fl oor after the Mw 9.0 
earthquake showed that the fault had slipped 
slowly during the foreshock sequence ( 5,  6). 
No additional slow slip was detected on the 
fault immediately before the mainshock ( 7). 
Bouchon et al. have recently suggested that 
~70% of interplate earthquakes are preceded 

by similar sequences extending to months 
prior to mainshocks ( 8). It seems that some 
large earthquakes might be predictable.

This newfound optimism is tempered by 
two major scientifi c and practical concerns. 
First, it remains diffi cult to distinguish ele-
vated earthquake activity prior to a main-
shock from earthquake swarms that do not 
culminate in a major event ( 9). The fore-
shocks of Tohoku may have been a random 
cluster that then triggered the mainshock 
( 10). If so, the predictive value of the fore-
shocks is limited because such random clus-
ters will often not trigger large mainshocks. 
However, the slow slip inferred from the sea-
fl oor geodetic data is a more widespread, 
and hence potentially more predictable, pre-
cursory process. Unfortunately, the sea-fl oor 
data are too sparse to allow a unique inter-
pretation of the apparent slip.

The scarcity of ocean floor measure-
ments highlights the second, practical bar-
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Ruptureprocess of the2014 IquiqueChile Earthquake
in relation with the foreshock activity
Yuji Yagi1, Ryo Okuwaki2, Bogdan Enescu1, Shiro Hirano3, Yuta Yamagami2, Suguru Endo2,
and Takuya Komoro2

1Faculty of Life and Environmental Sciences, University of Tsukuba, Tsukuba, Japan, 2Graduate School of Life and
Environmental Sciences, University of Tsukuba, Tsukuba, Japan, 3Faculty of Engineering, Information and Systems,
University of Tsukuba, Tsukuba, Japan

Abstract The rupture process of the 2014 Iquique, Chile earthquake is inverted from teleseismic P wave
data applying a novel formulation that takes into account the uncertainty of Green’s function, which has
been a major error source in waveform inversion. The estimated seismic moment is 1.5× 1021 Nm (Mw= 8.1),
associated with a 140 km long and 140 km wide fault rupture along the plate interface. The source process is
characterized by unilateral rupture propagation. During the first 20 s, the dynamic rupture front propagated
from the hypocenter to the large asperity located about 50 km southward, crossing a remarkably active
foreshock area at high velocity (of about 3.0 km/s), but small and irregular seismic moment release rate. Our
result may suggest that the 20 s long initial phase was influenced by the stress drop due to the foreshock
activity near the main shock hypocenter. Moreover, the 2week long swarm-like foreshock activity migrating
roughly at 5 km/day toward the main shock hypocenter, and possibly associated slow slip, contributed to the
stress accumulation prior to the Mw 8.1 megaquake. The main shock initial rupture phase might have
triggered the rupture of the large asperity, which had large fracture energy.

1. Introduction

On the night of 1 April 2014, a great thrust earthquake (Mw 8.1) occurred off Iquique, northern Chile. The
earthquake information determined by the Centro Sismológico Nacional (CSN), the University of Chile
[http://www.sismologia.cl; last access on 18 April 2014] is as follows: origin time = 1/4/2014 23:46:45 (UT);
epicenter = 19.572S, 70.908W; depth = 38.9 km; Mw= 8.2. In the off Iquique region, the Nazca Plate is
subducting at a rate of about 63mm/y beneath the South American Plate along the Peru-Chile trench
[Kendrick et al., 2003], where several great interplate earthquakes have been observed since the dawn of
history. The coupling rate on the plate interface has been estimated from the Global Positioning System (GPS)
data [e.g., Chlieh et al., 2011;Moreno et al., 2011]. Figure 1 shows the aftershock activity during the first 2 days
after the megaquake (hypocenters determined by CSN) and the focal mechanism of the main shock
determined in the present study. The main shock mechanism is consistent with the tectonic stress buildup at
the plate boundary. It is particularly notable that this megathrust event occurred within a plate boundary
segment that has not been ruptured since the great 1877 event, with an estimated magnitude of about 8.8
[Chlieh et al., 2011; Figure 1].

In this study we estimate the detailed rupture process of the 2014 off Iquique earthquake from teleseismic
P wave data, using a newly developed inversion method [Yagi and Fukahata, 2011a] that takes into
account the uncertainty of Green’s function, which has been a major error source in waveform inversion.
Based on the rupture process of the main shock and characteristic foreshock activity, we propose a
scenario to explain the foreshock-main shock interaction.

2. Inversion Analysis

To image the rupture process of the off Iquique earthquake, we inverted teleseismic Pwave data recorded at
48 broadband network stations, which were selected to ensure adequate azimuthal coverage and data
quality. The observed waveforms were shifted on the basis of their first arrival time and then converted into
velocity waveforms with a sampling interval of 0.8 s. For mitigating the effect of aliasing and low-frequency
noise, we applied a Butterworth band-pass filter between 0.001 and 0.36 Hz before re-sampling.
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