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Recent Earthquakes in South America
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2016 Ecuador earthquake

Heidarzadeh et al. (2017)
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1996 Peru earthquake

Typical “tsunami earthquake”

Satake and Tanioka (1999)
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Historical tsunamis from Peruvian earthquakes

1868 (August 13) Arica earthquake 

Hakodate (Capt. T. Blakiston)  August 15
   A series of bore or tidal waves from 10:30 to 15:00
   Sea level difference 10 ft in 10 min  
   (ordinary tide: 2.5 to 3 ft)  

Chatham Island
    Up to 10  m tsunami and a few casualties
   (the only tsunami casualty in New Zealand)

New Zealand 
   1-4 m tsunami in main island

Sandwich Island
 oscillation continued for 3 days(Power, 2013)
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Directivity effect:  Peru and Chile sources

Length Width Slip Mw
300 km 150 km 10 m 8.8

Chile
2010 Maule earthquake

Peru
1687 earthquake
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Seismicity from March 1 to April 11, 2014

Earthquakes larger 
than M 7.7 from 
1900 to 2014

Comte and 
Pardo (1991)

1877
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Figure 4. Preliminary and final inversions of teleseismic P and SH waves and three tsunami sea level observations
conducted to establish spatial dimensions of the 1 April 2014 Mw 8.1 rupture. A relatively coarse spatial grid was
used, defining subfaults extending all the way to the trench with varying strike, dip, and depth to match the
megathrust geometry. (a) Inversion result using only seismic waves in a concentration of slip across the fault plane to
the south from the hypocenter. (b) Inversion result using the same seismic data as in Figure 4a joint with (c) three
tsunami observations from the locations, with (d) waveforms. The predicted tsunami waveforms for the models in
Figures 4a and 4b are compared with the data in Figure 4d, showing that the widely distributed slip some of which
extends to the trench is not consistent with the timing, amplitude, or waveshape of the tsunami signals and that
concentrated slip near the hypocenter as in model (Figure 4b) matches the tsunami signals well. (e) The final
teleseismic inversion with constrained dimensions of the fault model.
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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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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

On 1 April 2014, Northern Chile was struck by a magnitude 8.1 earth-
quake following a protracted series of foreshocks. The Integrated Plate
Boundary Observatory Chile monitored the entire sequence of events,
providing unprecedented resolution of the build-up to the main event
and its rupture evolution. Here we 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
had not ruptured in the past century1,2. Since July 2013 three seismic
clusters, each lasting a few weeks, hit this part of the plate boundary
with earthquakes of increasing peak magnitudes. Starting with the
second cluster, geodetic observations show surface displacements that
can be associated with slip on the plate interface. These seismic clus-
ters and their slip transients occupied a part of the plate interface that
was transitional between a fully locked and a creeping portion. Leading
up to this earthquake, the b value of the foreshocks gradually decreased
during the years before the earthquake, reversing its trend a few days
before the Iquique earthquake. The mainshock finally nucleated at
the northern end of the foreshock area, which skirted a locked patch,
and ruptured mainly downdip towards higher locking. Peak slip was
attained immediately downdip of the foreshock region and at the mar-
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 zone of intermediate seismic coupling was instrumental in caus-
ing final failure, distinguishing the Iquique earthquake from most
great earthquakes. Finally, only one-third of the gap was broken and
the remaining locked segments now pose a significant, increased seis-
mic hazard with the potential to host an earthquake with a magnitude
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 of Arica to the
Mejillones peninsula (see Fig. 1). The reported historical recurrence inter-
val for the past 500 years in this region has been estimated at 111 6 33
years1, making it probably the most mature seismic gap along the South
American plate boundary. In the past two decades the two adjoining
segments south and north broke in the Mw 8.1 Antofagasta earthquake
of 1995 (refs 3, 4) and the Mw 8.4 Arequipa earthquake of 2001 in south-
ern Peru5. In the previous cycle the southern Peru and northern Chile
segments broke within few years (Fig. 1), suggesting that they might 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 Boundary Observatory Chile (IPOC). Having
started in 2007, there now exists an exceptional database that monitors
the gradual plate boundary failure with various geophysical techniques.

Several major earthquakes (Mw .7) have occurred in this gap since
1850 (Fig. 1); the largest until now was the Mw 7.7 Tocopilla earthquake
in 2007, which broke the southern rim of this segment beneath and north
of Mejillones 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 2.6 m (refs 6, 7) leaving most of the past slip
deficit of ,8–9 m accumulated since 1877 unaffected8. On 1 April 2014,
the Mw 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 to previous locking of the plate 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 Sismológico National, Universidad de Chile, Facultad de Ciencias Fı́sicas y Matemáticas, Blanco Encalada 2002, Santiago, Chile. 4Institut de Physique du Globe de Paris, 1, rue Jussieu, 75238 Paris
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 earthquakes M .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 0.5 m. 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 with Mw .7 (grey dotted line) is 8.91 for the
entire northern Chile–southern Peru seismic gap.
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The 2015 Illapel earthquake
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The 2015 Illapel earthquake
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2010 Chile (Maule or Bio-Bio) Earthquake

Santiago Airport (AP)San Antonio, Chile

Date Location M
1960 May 22 Chile 9.5
1964 March 28 Alaska 9.2
2004 December 26 Sumatra-Andaman 9.1
1952 November 4 Kamchatka 9.0
2011 March 11 Japan 9.0
2010 February 27 Chile 8.8

The 6th largest earthquake in the last 
100 years,
the casualties were 577
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Coastal Uplift/Subsidence 

Farias et al.  2010 
 (August 20 issue of Science)
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The 2010 Chile earthquake tsunami

Watada et al. (2014, JGR)



UNESCO/IOC-NOAA 
International Tsunami Information Center
UNESCO/IOC-NOAA  SHOA
International Tsunami Information Center

Slip inversions 

5. Discussion
5.1. Effects of Phase-Corrected Green’s Functions

The slip distribution estimated using tsunami Green’s functions without phase corrections shows that the
large-slip areas are shifted downdip beneath land (Figure 2d). The resulting simulated tsunami waveforms
at DART stations underestimate the first positive peak amplitude of the observed waveforms in near-field
(e.g., DART stations 32411, 32412, 43412 in Figure S3) and produce earlier peak arrival than the observed
one as distance increases (Figure S3). The faster propagation speeds of conventional tsunami Green’s func-
tions cause an apparent shift of the large-slip area away from the stations, i.e., toward deeper part of the fault.
At stations with travel time of more than 3 or 4 h, it is essential to correct the phase shift for the travel time
delay in the conventional long-wave tsunami Green’s functions.

5.2. Comparison of Results From DART Data and Other Data Sets

The separate inversions of the ocean-wide DART, tide gauge, GPS, and coastal geodetic data and the joint
inversion of these data are shown in Figure 3. All of them show that two large-slip regions and the dominant
slip of the northern segment of the fault, similar to those from the DART data (Figure 3a). Tsunami back pro-
pagation of the first peak arrival time from tide gauges (Figure 1c, right), except for the first peak arrival time
from Ancud and Coquimbo, also confirms these two large-slip areas. However, the slip distribution from

Figure 4. Comparison between observed tsunami waveforms (black lines) and simulated ones (red lines) from the slip distribution (Figure 3d) obtained by the joint
inversion. The blue horizontal bars indicate the time range used for tsunami waveform inversions.

Geophysical Research Letters 10.1002/2015GL067181

YOSHIMOTO ET AL. SOURCE ESTIMATE AND TSUNAMI FORECAST 5

gauge data are equally weighted in the
joint inversion.

4. Results
4.1. Inversion of All 26 DART Data

The slip distribution estimated from all
26 DART data by using phase-corrected
tsunami Green’s functions has two
large-slip areas which are located along
strike from 37°S to 38°S and from 34°S to
36°S (Figure 2a and Table S1). The large-
slip area in the northern segment of the
fault extended to the trench (~15m).
The largest slip estimated at the north-
eastern subfault may not be well
resolved because it is located at the
fault edge beneath land. The large-slip
area in the southern segment of the
fault (~12m) did not reach the trench.
The slip distribution estimated by using
phase-corrected tsunami Green’s func-
tions satisfactory reproduces the features
of the observed tsunami waveforms at
all near- and far-field DART stations
(Figure S2), including reverse polarity of
the initial phase at far-field DART stations.

4.2. Inversion of Near-Field Four
DART Data and Prediction of
Far-Field Waveforms

The slip distribution obtained from the
only near-field 4 DART stations (travel
time less than 10 h) is similar to the
one from the all 26 DART data

(Figures 2a and 2b). The simulated tsunami waveforms at the cabled OBP gauges near Japan explain the
observed waveforms very well (Figure 2e). This transoceanic tsunami simulation experiment confirms that
we can accurately forecast the arrival times and waveforms of tsunamis propagated from Chile to Japan in
advance by analyzing waveforms recorded at DART stations within 10 h after the earthquake using phase-
corrected tsunami Green’s functions. For accurate forecast of far-field tsunami, good azimuthal station cover-
age on a source, as well as number of stations of DART data, is important. For example, the azimuths to the
three stations (32412, 32411, and 43412) are similar, hence, the recorded waveforms have nearly identical
information on the source. Inclusion of the 51406 station improves the azimuthal coverage and therefore
leads to stable slip distribution.

4.3. Inversion of Far-Field 22 DART Data

Similar slip distribution is obtained by using only far-field 22 DART (Figure 2c). Similarity among the slip
distributions from three different sets of DART data, i.e., all, near field only and far field only (Figures 2a–2c),
indicates that the inversions using the DART data are quite stable. This suggests that if the tsunami source area
is as large as the 2010 Maule earthquake, far-field DART data alone have enough spatial resolution for the finite
fault inversion by using the tsunami Green’s functions when the phase corrections are applied. When not enough
tsunami data (e.g., OBP gauge or tide gauge) were recorded near the source region, it is possible to obtain spa-
tially well-resolved slip distribution from far-field DART data by using phase-corrected tsunami Green’s functions.

Figure 3. Slip distributions obtained by the separate inversions of
(a) DART, (b) tide gauge, (c) geodetic data, and by the (d) joint inversion of
DART, tide gauge, and geodetic data. The blue star represents the
epicenter of the 2010 Maule earthquake.

Geophysical Research Letters 10.1002/2015GL067181
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The geodesy-based inversions have similar
along-strike slip patterns, but there are
differences in the along-dip slip
distributions. In the inversions of Tong et al.
[2010], Pollitz et al. [2011], and Lin et al.
[2013], there is no significant slip near the
trench. However, the rupture model of
Moreno et al. [2012] has ~5m of slip near
the trench in the north, as does the
solution of Vigny et al. [2011], in the vicinity
of our shallow slip patch. The larger slip in
our model is almost invisible to the
geodetic observations and likely is mapped
into a broadened region of large slip in
the northern slip patch in the geodetic-
only inversions.

The teleseismic body wave inversions of Lay
et al. [2010] and Koper et al. [2012] (Figure 9)
are the only prior models that indicate
more than 10m of slip near trench. The
teleseismic models differ primarily in their
choice of rupture velocity, with the slip
distribution expanding proportional to the
assumed velocity. The slip distribution in
our preferred model is more distributed
than in that of Koper et al. [2012], due to the
constraints from InSAR and hr-GPS
observations. In the model of Koper et al.
[2012] the slip near the trench is more
smeared, similar to our regularized
checkerboard test, and our joint model
resolves more along-strike variation in the

near-trench row. Our model has very little slip updip of the hypocenter, which is consistent with prior geodetic
and seismic models, but appears to be less affected by inversion smoothing.

Lorito et al. [2012] and Fujii and Satake [2013] included tsunami records in their inversions, but their models
do not place significant slip near the trench. Many of the tsunami records analyzed by Lorito et al. [2012] are
tide-gauge recordings, which require very detailed near coast bathymetry models for accurate modeling, and
those stations along the Chilean coast are not as sensitive to slip near the trench as the deep-water DART
observations. Lorito et al. [2012] use the same software (COMCOT) to compute their tsunami Green functions
as we use here but did not apply velocity correction to the calculated Green’s functions. As discussed above
the uncorrected tsunami Green function is expected to have ~1% early arrival times. For the typical epicentral
distance (5000 km) of the DART observations in this study, a 1% velocity overestimation will lead to a 1%
(50 km) epicentral distance overestimation, which shifts the centroid location of slip toward the land
correspondingly. We performed an inversion using uncorrected tsunami Green’s functions with all other data
and parameters being the same as our preferred model. A comparison of the resulting slip distribution with
our preferred result is shown in Figure 11, along with the tsunami waveform fitting. For the uncorrected
tsunami Green functions, the predicted waveforms (green) show early arrivals evenwith slip shifted downdip,
particularly for stations 51406 and 43412. Almost no slip is found in the shallowest row for this model. Fujii
and Satake [2013] used the same deep ocean records as we do, together with regional tidal gauge
observations. They adopted a finite difference method, solving linear shallow water equations [Satake, 1995],
in which the velocity correction factors mentioned in this study are not included. Their simulations fit the
arrival times at the relatively close DART stations well, with slip located below the coastline, which would
occur in our uncorrected inversions if we used only the tsunami data. More distant tsunami observations

Figure 10. Comparison of slip models for the preferred joint inversion
model and other finite-fault models. The preferred rupture model is
plotted with blue-red color scale with 5m and 10m slip contours
plotted in red. The 5m and 10m slip contours of other models are
plotted in black in each panel. (a) The rupture model of Koper et al.
[2012] was inverted using teleseismic P and SH waves. (b) The rupture
model of Moreno et al. [2012] was inverted using campaign GPS and
InSAR data sets. (c) The rupture model of Lorito et al. [2011] was
inverted with InSAR and tsunami observations. (d) The rupture model
of Delouis et al. [2010] was inverted with hr-GPS, teleseismic body
waves, and InSAR data sets.

Journal of Geophysical Research: Solid Earth 10.1002/2014JB011340
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Yoshimoto et al. (2016, GRL)
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Largest eq. in 20th century
The tsunami arrived
 Hawaii 15 hrs; 61 casualties
 Japan 23 hrs; 139 casualties

© Asahi Shimbun

The 1960 Chilean tsunami

Hilo, Hawaii

International Tsunami Warning 
System
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1960 Chile earthquake

7.2×10!!Nm
 𝑀𝑤 ≈ 9.2

Barrientos	and	Ward	(1990,	GJI)
	Moreno	et	al.	(2009,	GRL)

Fujii	and	Satake
	(2013,	Pageoph)

Ho	et	al.
	(2019,	JGR)

1.27×10!"Nm
𝑀𝑤 ≈ 9.3

9.6×10!!Nm
𝑀𝑤 ≈ 9.3

9.5×10!!Nm
𝑀𝑤 ≈ 9.3
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The 2010 and 1960 Chilean Tsunamis in Japan

Field survey teams of the 1960 and 2010 
Chilean earthquake tsunamis in Japan;
Compiled by Kentaro Imai

Kesen-numa  Port  2.3 m

Miyako Bay Aquaculture 

Total damage about US $ 60 million 
No human damage in Japan
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Tsunami heights in Japan from Chilean earthquakes

Carvajal et al. (2017, JGR)

The 1730 earthquake

Mw 9.3
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South-Central Chile

~AD1100

~AD1300

AD1575

AD1960

Cisternas et al. (2005 Nature)Giant (M~9.5) earthquakes  ~300 yr interval
NOT ~ 100 yr as inferred from historic data
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Slip distributions of Chilean earthquakes

2014 Iquique 2015 Illapel 2010 Maule 1960Valdivia  

Mw 8.0 Mw 8.3 Mw 8.8 Mw 9.2
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