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Abstract—The 16 September 2015 Illapel, Chile, earthquake

and associated tsunami have been studied by many researchers

from various aspects. This paper reviews studies on the source

model of the earthquake and examines tsunami data. The Illapel

earthquake occurred in the source region of previous earthquakes in

1943 and 1880. The earthquake source was studied using various

geophysical data, such as near-field seismograms, teleseismic

waveform and backprojection, GPS and InSAR data, and tsunami

waveforms. Most seismological analyses show a duration of

*100 s with a peak at *50 s. The spatial distribution has some

variety, but they all have the largest slip varying from 5 to 16 m

located at 31�S, 72�W, which is*70 km NW of the epicenter. The

shallow slip seems to be extended to the trench axis. A deeper slip

patch was proposed from high-frequency seismic data. A tsunami

earthquake model with a total duration of 250 s and a third asperity

south of the epicenter is also proposed, but we show that the tsu-

nami data do not support this model.

Key words: 2015 Illapel earthquake, tsunami, earthquake

source model, Pacific Ocean, Chilean earthquakes.

1. Introduction

Many great earthquakes repeatedly occur off-

shore Chile, where Nazca plate subducts beneath the

South American plate (Fig. 1). This seismic zone

hosted the largest earthquake ever recorded, the 22

May 1960 Valdivia earthquake (Mw 9.5, Kanamori

1977) that occurred in southern Chile. In northern

and central Chile, three great tsunamigenic earth-

quakes occurred in the last decade (Fig. 1): the 27

February 2010 Maule earthquake (Mw 8.8, Global

CMT) with more than 500 deaths as a result of both

the earthquake and associated tsunami, the 1 April

2014 Iquique earthquake (Mw 8.1, Global CMT),

and the 16 September 2015 Illapel earthquake (Mw

8.3, Global CMT). The 2015 Illapel earthquake

occurred at 22:54:32 (UT) on 16 September, at

31.573�S, 72.674�W at 22.4 km depth, according to

the United States Geological Survey. The global

centroid moment tensor (CMT) catalogue provided

the scaler seismic moment of 3.2 9 1021 Nm. Its

focal mechanism solution is strike: 7�, dip: 19�, and
rake: 109�, indicating thrust-type faulting having its

strike parallel to the trench.

Source regions and recurrence of great earth-

quakes offshore Chile have been studied based on

historical, seismological, and tsunami data (Kelleher

1972; Comte and Pardo 1991; Beck et al. 1998). The

2010 Maule earthquake is considered to be a re-

rupture of the 1835 earthquake, which was docu-

mented by Darwin during his voyage on Beagle

(Madariaga et al. 2010). The rupture length of the

2014 Iquiue earthquake was about 200 km, and it was

only a part of that of the previous great earthquake of

1877 (Schurr et al. 2014; Gusman et al. 2015; Lay

et al. 2014).

In the source region of the 2015 Illapel

earthquake, similar earthquakes occurred in 1943

and 1880 and a larger earthquake in 1730 (Fig. 1,

Ruiz et al. 2016). The 2015 Illapel earthquake is

considered to be a re-rupture of the 1943 earth-

quake (Mw 7.9, Beck et al. 1998). Tsunami from

the 1943 earthquake was recorded in Japan with

height of 10 cm in Hanasaki and 25 cm in

Kushimoto (Hatori 1968; Watanabe 1998). To the

north of the 2015 source region, the tsunamigenic

Atacama earthquake (Ms 8.3) occurred in 1922

(Beck et al. 1998) as well as in 1819. The region

south of the 2015 source was ruptured by the 1971
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(M 7.8, USGS) and 1985 (M 8.0, USGS) Val-

paraı́so earthquakes and by the 1906 great

earthquake (Ms 8.4) (Ye et al. 2016).

Interseismic coupling along the Chilean plate

boundary has been inferred from dense GPS net-

works, operated by Chilean collaborations with

American, French, and German groups. High- and

low-coupling zones have been identified. The source

regions of recent large earthquakes match with highly

coupled segments (e.g., Moreno et al. 2010; Schurr

et al. 2014; Métois et al. 2016).

2. Tsunami Data

The great earthquakes offshore Chile have gen-

erated tsunamis, which caused damage not only on

the Chilean coast but also across the Pacific Ocean.

The 1960 Chilean earthquake and tsunami killed

2000 people on the Chilean coast (Atwater et al.

1999). The tsunami caused 61 and 142 fatalities in

Hawaii and Japan, respectively (Atwater et al. 1999;

Watanabe 1998). The tsunami heights from the 2010

Maule earthquake were mostly up to 15 m on the

Chilean coast, and the total fatalities were 156. The

tsunami height was\2 m on the Japanese coast, but

caused some property damage (Fujii and Satake

2013).

The 2015 Illapel earthquake generated local and

trans-Pacific tsunami (Aránguiz et al. 2016; Contr-

eras-López et al. 2016; Tang et al. 2016; Zaytsev

et al. 2016). Along the Chilean coast, the Pacific

Tsunami Warning Center (PTWC) and National

Hydrographic and Oceanic Service (SHOA) issued

tsunami threat messages 7 and 8 min following the

earthquake, respectively (Aránguiz et al. 2016). Such

prompt messages and evacuation helped to minimize

tsunami fatalities (eight deaths according to Aránguiz

et al. 2016).

The post-tsunami surveys measured tsunami

heights on the Chilean coast (Aránguiz et al. 2016;

Contreras-López et al. 2016). The maximum runup

height was reported as 10.8 m at Totoral (30.37�S) by
Aránguiz et al. (2016), whereas it was 13.6 m at La

Cebada (30.97�S) by Contreras-López et al. (2016).

Except for such anomalous locations, the tsunami

heights were up to 9 m on the coast between 29�S
and 32�S, and smaller further south and north

(Fig. 2).

The tsunami was also recorded on coastal tide

gauges (Aránguiz et al. 2016; Heidarzadeh et al.

2016). The earliest tsunami arrival of *15 min with

zero-to-peak amplitude of \2 m was recorded at

Pichidangui tide gauge station, just south of the epi-

center. To the north, at Coquimbo tide gauge station,

the first arrival was at 23 min with *1 m amplitude,

but the largest tsunami amplitude of 4.7 m was

recorded *1.5 h after the earthquake. Omira et al.

(2016) made a comparison of the near-field tsunami

records from the three earthquakes.
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Figure 1
Focal mechanism solutions of Global CMT project for shallow

(depth\100 km) earthquakes between 2010 and 2015. Those in

red, purple, and yellow colors are earthquakes that occurred within

1 month of the three great earthquakes (2010 Maule, 2014 Iquique,

and 2015 Illapel). Source zones of historical earthquakes are shown

in bars (Kelleher 1972; Comte and Pardo 1991; Beck et al. 1998;

Schurr et al. 2014)
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While the tide gauge tsunami amplitudes vary in

the range 1–2 m with a maximum value of 4.7 m,

runup heights are in the range 3–6 m with a maxi-

mum value of *11–14 m (Fig. 2). Tsunami runup

heights are roughly up to three times of the tide gauge

amplitudes along the Chilean coast.

According to NOAA Global Historical Tsunami

Database (doi:10.7289/V5PN93H7, https://www.

ngdc.noaa.gov/hazard/tsu_db.shtml, accessed on 24

October 2016), the tsunami heights across the Pacific

Ocean were as follows: 1.37 m in Marquesas Islands,

0.83 m in Hawaii (Hilo), 0.52 m in New Zealand

(Chatham), and 0.10 m in Australia (Port Kembla). In

Japan, Japan Meteorological Agency issued tsunami

advisory at 18:00 on September 17 (UT), approxi-

mately 19 h after the earthquake and 3 h before the

first tsunami arrival to Japan, with expected tsunami

heights of \1 m. The largest observed tsunami

amplitude was 0.78 m on Kuji GPS buoy.

The tsunami was also recorded in deep ocean

on Deep-ocean Assessment and Reporting of Tsu-

namis (DART) buoys. Figure 3 compares the

tsunami waveforms recorded at four DART stations

from the recent three earthquakes. At station

32412, offshore Peru, the 2015 tsunami arrived at

*2.7 h following the earthquake. The 2015 tsu-

nami amplitude was *10 cm, about the same as

tsunami from the 2014 Iquique earthquake and

about a half of that from the 2010 Maule earth-

quake. At stations 43412 off Mexico and 46409 in

the Aleutians, the 2015 tsunami arrived at 9 and

17 h after the earthquake, respectively, and the

amplitude was a few cm, much smaller than the

2010 tsunami and slightly smaller than the 2014
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Figure 2
Maximum tide gauge amplitudes of the 2015 Illapel tsunami (pink columns after Heidarzadeh et al. 2016) along with the tsunami heights

reported by Aránguiz et al. (2016) (green circles) and Contreras-López et al. (2016) (black circles). The slip model is from Heidarzadeh et al.

(2016)
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tsunami. At station 52402 near Saipan in the

western Pacific Ocean, the 2015 tsunami arrived at

around 20.5 h. The tsunami amplitudes were a few

cm from the 2010 earthquake and almost noise

level for the 2014 and 2015 earthquakes. These

tsunami waveforms, combined with seismological

and geodetic data, are used to study the source

process of these earthquakes (Fujii and Satake

2013; Yoshimoto et al. 2016; Gusman et al. 2015;

Heidarzadeh et al. 2015).

3. Slip Distribution

The slip distribution of the 2015 Illapel earth-

quake was studied using various observation data,

such as near-field seismic data, teleseismic wave-

forms, geodetic data, and tsunami waveforms.

Heidarzadeh et al. (2016) used teleseismic and

tsunami waveforms to estimate the slip distribution.

They first conducted teleseismic waveform inversion

by assuming various maximum rupture velocities.
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Figure 3
Tsunami waveforms from the recent three great earthquakes recorded at four DART stations. The time on the horizontal axis is from the

earthquake origin time only for the 2015 Illapel tsunami (the blue waveforms). The waveforms for the other two tsunamis (red and black

waveforms) are shifted in time to align the first peaks
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The source time (moment rate) functions and the

waveform fits of observed and synthetic waveforms

are insensitive to the choice of rupture velocity and

they are similar for different rupture velocities. The

source time function indicates rupture duration of

*120 s with the peak at *50 s. However, the spatial

distribution of coseismic slip, the resultant seafloor

deformation, and computed tsunami waveforms is

different for different rupture velocities. By com-

paring with the observed tsunami waveforms, they

concluded that the slip model with assumed rupture

velocity of 1.75 km/s best explains the observed

tsunamis waveforms. This model has a large-slip area

of 80 km along strike and 100 km along dip, and the

peak slip is located at around 31�S, 72�W, approxi-

mately 70 km from the trench axis and *70 km

northwest of the epicenter (Fig. 4a). The average slip

of the large-slip area is 5.0 m and the total seismic

moment is 4.42 9 1021 Nm (Mw 8.4).

Li et al. (2016) also used teleseismic and tsunami

waveforms to estimate slip distribution. Their slip

model is basically similar to that of Heidarzadeh et al.

(2016), but the large-slip area extended in the north–

south direction with a total length of 170 km, and the

peak slip is almost 10 m and located closer to the

trench (Fig. 4b). The total seismic moment is

2.6 9 1021 Nm (Mw 8.2).

Ruiz et al. (2016) used the high-rate GPS data at

15 stations to estimate the coseismic slip distribution.

The result is similar to the slip models obtained from

tsunami and seismic waveform data, with the peak

slip of 7 m located at around 31�S, 72�W (Fig. 4c),

and the total moment of 4.2 9 1021 Nm (Mw 8.3).

Zhang et al. (2016) used SAR Interferometry

(InSAR) data to estimate a similar peak, with reverse

dip-slip and right-lateral strike-slip components of

8.3 and 1.5 m, respectively. The seismic moment is

estimated at 3.3 9 1021 Nm (Mw 8.3).

Tilmann et al. (2016) made a joint inversion of

geodetic and teleseismic backprojection data. Their

slip model also has the peak at 31�S but with a value

of 4.8 m (Fig. 3d). The peak slip is less localized than

in the other models.

Melgar et al. (2016) used near-field seismic,

geodetic, and tsunami data, as well as teleseismic

backprojection data, and showed two areas of large

slip (asperities). They are both around 31�S; the

shallow one is west of 72�W and the deep one is east

of 72�W. The deep asperity extends to 45 km depth

with 10 m peak slip at 30 km depth. The shallow

asperity extends to the trench with *10 m peak slip

at 15 km depth. About 5 m slip occurred for 200 km

along the trench (Fig. 4e). Li and Ghosh (2016) also

applied teleseismic backprojection but mapped three

patches located around, to the northeast of, and to the

northwest of the epicenter. Okuwaki et al. (2016)

made a hybrid inversion of teleseismic waveform and

backprojection data, and found secondary high-fre-

quency sources in the deeper part of the rupture area.

Lee et al. (2016) inverted teleseismic data with

Green’s functions computed with a 3D spectral-ele-

ment method. They showed that the rupture occurred

in two stages. During the first stage with duration of

*100 s, asperities I and II ruptured (see Fig. 4f for

locations). These two asperities are similar to those of

Melgar et al. (2016), but the slips are larger: the peak

slips of asperities I and II are 10, and 16 m, respec-

tively (Fig. 4f). The total seismic moment of the first

stage is 3.8 9 1021 Nm (Mw 8.3). What is unique

about their model is the second stage, which starts at

100 s after the start of the first stage and lasts until

250 s. They propose that the second stage is a slow

rupture at offshore asperity III, south of the epicenter.

The second stage has a peak slip of 6 m and a seismic

moment of 1.7 9 1021 Nm (equivalent to Mw 8.1).

They consider the first stage a typical interplate

earthquake while the second stage a tsunami earth-

quake. The total seismic moment is 5.5 9 1021 Nm

(Mw 8.4) which is close to that of Heidarzadeh et al.

(2016) and other studies.

To summarize various slip models, most seismo-

logical studies report the total duration of *100 s

with a peak at *50 s for the 2015 Illapel earthquake.

The spatial distribution has some variety, but they all

have the largest slip located at 31�S, 72�W, and

*70 km NW of the epicenter, but the slip amount

varies from 5 to 16 m, nearly a factor of thee. The

difference in the largest slip may be due to different

subfault size; it is not the slip on the fault but the

seismic moment that controls the amplitudes of

seismic waves, and the seafloor displacements (slip

and fault area) that controls tsunami amplitudes. The

shallow slip seems to be extended to the trench axis.

A deeper slip patch was proposed from high-
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frequency seismic waves. A model of regular earth-

quake followed by a tsunami earthquake with a total

duration of 250 s and a third asperity south of the

epicenter is proposed by Lee et al. (2016).

Tsunami modeling for different seismic sources

and comparison with observations were carried out

by Calisto et al. (2016) and Fuentes et al. (2016).

4. Insights from Tsunami Data

The locations of maximum tsunami runups

reported by Aránguiz et al. (2016) and Contreras-

López et al. (2016) are at the distances of *130 and

*70 km to the north of epicenter, respectively

(Fig. 2). The largest tsunami heights, both runup and

tide gauge heights, are concentrated at around latitude

of 31�S which corresponds to the zone of maximum

slip (Fig. 2). In addition, tsunami heights to the north

of the epicenter are larger than those to the south

(Fig. 2), possibly confirming the northward propa-

gation of the earthquake rupture from the epicenter as

reported by most seismological studies.

The main tsunami source can be estimated from

the travel time of tsunami waves (arrival times minus

the earthquake origin time) by backward ray tracing

from each station (Fig. 5). The travel time curves

ideally surround the tsunami source area. We used
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Six slip distribution models estimated by various data sets. S, T, and G stand for seismic, tsunami, and geodetic data, respectively. References

are a Heidarzadeh et al. (2016), b Li et al. (2016), c Ruiz et al. (2016), d Tilmann et al. (2016), e Melgar et al. (2016), and f Lee et al. (2016)
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30 arc s General Bathymetric Chart of the Oceans

(GEBCO)-2014 bathymetric data, which has resolu-

tion of *1 km, and hence, finer topography or

bathymetry features around the tide gauge stations

cannot be expressed. Romano et al. (2016) estimated

the optimal time shifts of tsunami waveforms recor-

ded on coastal tide gauges as several minutes.

Considering the uncertainties, we can roughly esti-

mate the tsunami source at around 31�S and

extending as far west as 73�W. Note that the eastern

edge of the source is not constrained by the observed

data; hence, the above estimate only limits the off-

shore side of the tsunami source. The main tsunami

source seems to extend to the trench axis. Figure 5

does not support tsunami source south of the epi-

center, i.e., offshore asperity III of Lee et al. (2016).

Lay et al. (2016) computed tsunamis from the slip

models of Lee et al. (2016), including the offshore

asperity III ruptured at 95 s, and found that the

additional source cannot reproduce the observed

tsunami waveforms at DART and coastal tide gauge

stations. Heidarzadeh et al. (2016) also made tsunami

simulation for such a long fault with a second

asperity south of the epicenter, and concluded that the

model predicted tsunami first arrivals at southern

stations (Pichidangui, Quintero, Valpariso and San

Antonio, Constitucion) are not consistent with

observations.

5. Conclusions

Like many other great earthquakes along the

Chilean coast, the 2015 Illapel earthquake occurred in

the same region as some previous events. The pre-

vious earthquakes in this region occurred in 1943 and

1880. The source regions of great earthquakes coin-

cide with regions of high coupling as inferred from

GPS measurements. The source models based on

seismic, tsunami, and geodetic data are mostly simi-

lar: source duration of 100 s with a peak at 50 s and

the largest slip at 31�S, 72�W, approximately 70 km

to the NW of the epicenter. The distribution of tsu-

nami heights is consistent with the slip distribution.

The large-slip area seems to be extended to the trench

axis. Another deeper patch is proposed from high-

frequency seismic waves. A model involving a sec-

ondary tsunami earthquake and a third asperity south

of the epicenter is also proposed, but is not supported

by tsunami data.
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