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Supplemental Material

One of the most notable seismic sequences in modern times was recorded in May 1960
along the southern Chilean subduction zone. The sequence started on 21 May with the
Mw 8.1 Concepción earthquake; 33 hr later the Mw 9.5 Valdivia megathrust earthquake
occurred, the largest ever recorded in the instrumental period. These events changed
the geomorphology of the coast along more than 1000 km, generated extensive struc-
tural damage in the main cities of central-south Chile, and triggered a Trans-Pacific tsu-
nami. Observed land-level changes due to both earthquakes were reported in 1970.
These observations were ascribed to both events but have been used to study only the
general source properties of the 22 May Valdivia mainshock. Here, we separate these
data to constrain for the first time the slip distribution of the 21 May Concepción earth-
quake, applying a Bayesian approach that considers uncertainties in the data. Our
results show that the Mw 8.1 Concepción earthquake ruptured a deep segment of
the megathrust, concentrated in a compact zone below the Arauco peninsula between
depths of 20 and 50 km. Tsunami generation from this deep source agrees well with the
tsunami arrival times and small amplitudes recorded by tide gauges along the Chilean
coast. Our study highlights the importance of the 21 May 1960 Concepción earthquake
in the context of large historical Chilean earthquakes.

Introduction
The May 1960 central-south Chile earthquakes arguably
represent the most important seismic sequence that has occurred
in modern times. The sequence took place in the southern por-
tion of the subduction zone formed between the Nazca and
South America plates that converge at 6–7 cm=yr (Altamimi
et al., 2007). The sequence started with the Mw 8.1 Concepción
event at 10:02:52 UTC on 21 May 1960. No foreshocks were
observed in teleseismic data (Cifuentes, 1989). Several after-
shocks were reported in the International Seismological Centre
(ISC) catalog and relocated by Cifuentes (1989), all of which took
place in a limited zone below the Arauco peninsula (Fig. 1).
Thirty-three hours later, a long-period nucleation phase of
large-scale slip began, presumably between the downgoing oce-
anic lithosphere and weaker asthenosphere, which likely trig-
gered the Mw 9.5 Valdivia mainshock 15 min later (Kanamori
and Cipar, 1974; Cifuentes and Silver, 1989; Linde and Silver,
1989).

The 1960 earthquakes produced extensive surface deforma-
tion along 1000 km of the coast, from the Arauco peninsula in
the north (∼37° S) to the Taitao peninsula near the Chile triple

junction in the south (∼46° S). Such regional-scale deformation
was quantified in 1968 by George Plafker from the U.S.
Geological Survey (Fuis et al., 2015) and was reported two years
later in the work of Plafker and Savage (1970; hereafter, PS70).
Uplift observations reached 5.7 m offshore the continent and
decreased landward down to 2.7 m of subsidence. The PS70
report also includes deformation data further inland obtained
from pre- and postgeodetic surveys by the Military Geographic
Institute (IGM) of Chile.

The land-level changes reported in PS70 have been the main
dataset used to estimate the slip distribution of the 22 May
1960 Valdivia mainshock. The first interpretation of these data
was made by PS70 and Plafker (1972), who proposed a simple
source model with over 20 m of uniform slip on a fault plane
approximately 1000 km long and 60 km wide. A few decades
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later, Barrientos and Ward (1990) inverted the data to obtain a
heterogeneous slip distribution, which was later improved by
Moreno et al. (2009), who considered more realistic surface
fault properties. The data were more recently combined with
both near- and far-field tsunami records to further improve
these results (Fujii and Satake, 2013; Ho et al., 2019). These
different works coincide with the main aspects of the slip dis-
tribution of the 1960 earthquakes, reporting an ∼900 km long
rupture and magnitudes on the order of Mw 9.2–9.4, smaller
than theMw 9.5–9.6 range estimated from low-frequency waves
(Kanamori and Anderson, 1975; Cifuentes and Silver, 1989).
However, all of these studies ignored the effects on land-level
changes caused by the large foreshock of 21 May, despite the
clear distinction of the data made in PS70. Addressing the
source properties of this “forgotten earthquake” has important
seismotectonic implications for the region that has experienced

giant historical earthquakes
(Cisternas et al., 2005;
Cisternas, Carvajal, et al., 2017;
Cisternas, Garrett, et al., 2017;
Ruiz and Madariaga, 2018) and
may provide clues about the
beginning phase of the largest
earthquake ever recorded in
human history.

In this work, we reinterpret
the PS70 data to separate the
coastal vertical displacements
due to the 21 May 1960
Concepción earthquake and
provide for the first time a slip
distribution for this event. To
this end, we use a Bayesian
inversion approach that consid-
ers the unavoidable uncertain-
ties in the reported data. Our
slip distribution is further veri-
fied by comparing predicted
tsunami arrival times, ampli-
tudes, and wave periods with
those recorded by tide gauges
along the Chilean coast, which
have not been analyzed to date.

The 21 May 1960
Earthquake
Cifuentes and Silver (1989)
proposed a seismic moment of
2 × 1021 N · m for Concepción
earthquake using the Tsukuba
(TSK) record from the
Earthquake Research Institute
in Japan, which they mention

has sufficiently good quality. Cifuentes (1989) discussed how
this seismic moment is consistent with the 150 km long segment
where coastal level changes associated to this event were
reported by PS70. This rupture zone correlates well with the iso-
seismal map made by Astroza and Lazo (2010) based on
Medvedev–Sponheuer–Karnik (MSK) macroseismic intensities
inferred in central-south Chilean cities from engineering
reports, local newspapers, and magazines of the time (Fig. 1b).
According to Astroza and Lazo (2010), damage from the
Concepción earthquake could be easily distinguished from that
associated with the Valdivia mainshock and was concentrated
along 300 km between 35.5° S and 39° S, whereas severe damage
was confined to the Arauco peninsula within a 150 km long area
(VII–VIII region of Fig. 1b). Several aftershocks followed the 21
May earthquake, including eight earthquakes M > 5:8 reported
by Cifuentes (1989) (see Fig. 1b). The largest one had

(a) (b)

Figure 1. Vertical displacement changes due to the May 1960 earthquakes compiled by Plafker and
Savage (1970; hereafter, PS70). (a) Uplift and subsidence associated with the Mw 9.5 Valdivia
earthquake (inverted triangles) and Mw 8.1 Concepción earthquake (squares) along with an inset
map showing the study location with reference to South America. The continous line inland
corresponds to vertical changes along the north–south highway. (b) Data associated with the
Mw 8.1 Concepción earthquake. Large squares are the data described by PS70, small squares
correspond to vertical changes near the zone of the Concepción earthquake, and the continuous
line inland corresponds to the segment of the north–south highway. Dashed lines are the
Medvedev–Sponheuer–Karnik (MSK) macroseismic intensities reported by Astroza and Lazo
(2010), which separate the structural damage due to the 21 May earthquake. Stars are the events
with M > 5:8 that occurred after the Mw 8.1 Concepción earthquake and before the Valdivia
megathrust earthquake. The color version of this figure is available only in the electronic edition.
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a magnitude of Ms 7.8 and occurred 15 min before the 22 May
Valdivia earthquake (Kanamori and Cipar, 1974; Cifuentes,
1989). Similar to the 1960 Mw 9.5 Valdivia earthquake, the
21 May earthquake also triggered a tsunami (Berninghausen,
1962; Sievers et al., 1963); however, the amplitudes were much
smaller (see Fig. S1). At least six tide gauge stations deployed
along the Chilean coast recorded relatively small tsunami follow-
ing the Concepción earthquake and before the arrival of the large
tsunami waves of the Valdivia mainshock (Fig. S1).

Vertical Displacements Data
We use geological and geodetic data compiled by PS70, who
quantified the vertical changes associated with the 1960 earth-
quakes along the coast and in some islands in central-south
Chile. In addition to reporting shoreline changes in 155 local-
ities, they considered vertical tectonic displacements inland pub-
lished in geodetic surveys by the IGM of Chile (Fig. 1a). The data
in PS70 may be affected by approximately eight years of post-
seismic deformation and may also include preseismic effects.
Nonetheless, PS70 reported small postseismic vertical displace-
ments by analyzing 20 measures obtained shortly after the 1960
earthquakes (Saint-Amand, 1961; Alvarez, 1963; Galli and
Sanchez, 1963; Thomas et al., 1963; Weischet, 1963; and others).

Vertical displacements were determined with various meth-
ods: differences between pre- and postearthquake growth of ter-
restrial vegetation, changes in the positions of tide lines reported
by local residents, upper growth limits of mussels and estimates
by port authorities and local residents (Fig. 1a). Observations
were mainly made at bedrock sites; nevertheless, in 12 sites, they
were made on unconsolidated deposits where some nontectonic
superficial subsidence may have occurred. To each vertical
report they assigned an error of 0.2, 0.4, or 0.6 m for good, fair,
and poor estimates, respectively. PS70 designated a nonquanti-
fied error for the sites reported by local residents (e.g., sites P2
and P6); in this study, we do not consider the measurements
on these sites. Vertical tectonic changes inland were measured

along the north–south highway from Los Ángeles to Puerto
Montt cities (Fig. 1a). The IGM gathered information through
the pre-earthquake leveling survey of 1957–1959 and the post-
earthquake leveling survey of 1963–1964. This information was
digitized at 150 sites along a leveling line, and we assigned an
error of 0.13 m for each measure, according to the uncertainties
fixed by Barrientos and Ward (1990).

According to PS70, most of these vertical displacements
correspond to the deformation associated with the 22 May
Valdivia earthquake. However, based on eyewitnesses reports,
PS70 were able to distinguish surface displacements caused by
the 21 May Concepción earthquake (Fig. 1b; see the Time
sequence of the movements section in PS70 for more details,
1016 pp.). In particular, they identified and reported the land-
level changes that took place south of the Arauco peninsula at
the time of the Concepción foreshock. Furthermore, based on
interviews with port authorities and local residents, they con-
cluded that Mocha Island did not experience vertical displace-
ments due to the earthquake of 21 May. In summary, PS70
delimited five sites corresponding to the surface deformation
of the 21 May event.

In this work, we assess the slip distribution of the 21 May
1960 Concepción earthquake using four different datasets of
vertical displacements associated to the event. Following the
assumptions and interpretations of PS70, we consider the
whole amount of vertical changes listed for the 21 May earth-
quake. The datasets were built based on the quality of the data
and considering some sites near to the main rupture area, spe-
cifically along the Arauco peninsula and a segment of the line-
leveling inland that could experience vertical displacement due
to the Concepción event (Fig. 1b, see Table S1). The different
datasets used in this study are shown in Table 1.

Method
We estimate the slip distribution of the 21May earthquake from
the vertical displacement data using an inversion technique. To

TABLE 1
Comparisons among Models for the 21 May 1960 Mw 8.1 Concepción Earthquake

Parameter Model A Model B Model C Model D

Dataset A: P7, P8, P9, P12, P13 B: P7, P8, P9, P12 C: P7, P8, P9 D: P7, P8, P9, P1, P3, P4, P5,
north–south highway

Seismic moment M0 (N · m) 1:86 × 1021 1:62 × 1021 1:46 × 1021 1:98 × 1021

Magnitude Mw 8.11 8.07 8.04 8.13

Centroid depth (km) 29 31 35 39

Maximum slip (m) 3.58 3.44 3.44 3.03

Mean slip (m) 0.59 0.52 0.54 0.54

Rms (m) 0.78 0.67 0.43 0.15

Rms, root mean square.
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model the elastic deformation due to an interplate event, we
make the following assumptions and simplifications. The plate
contact is approximated by the Nazca plate upper surface model
published by Tassara and Echaurren (2012), which we discre-
tized in n cells of approximately 10 km × 10 km (n ranges from
750 to 930, depending on the dataset used). The lithosphere is
assumed to be a linearly elastic, homogeneous, and isotropic
half-space (see Fig. S2). Slip at the ith subfault is decomposed
into the along-strike and up-dip components of slip u�1�i

and u�2�i . These parameters can be arranged in a vector
m � �u�1�1 ;…; u�1�n ; u�2�1 ;…; u�2�n �. We only have vertical dis-
placement data, which we arrange in the vector d. The forward
model can be written as dpred � Gm, in which G is the kernel
matrix.

We solve the inverse problem following a Bayesian approach,
which describes states of information about the model and the
data through probability density functions (PDFs). The idea is to
combine information sources (observations, a priori knowledge,
and the forward model) to recover an a posteriori information
state. Using the notation and formalism of Tarantola (2005), the
a posteriori PDF of the model σM�m� is given by

EQ-TARGET;temp:intralink-;df1;53;470σM�m� � ηρM�m�ρD�Gm�; �1�

in which ρM�m� and ρD�d� are PDFs containing the a priori
information of the model and data, respectively. η is a normali-
zation constant that ensures that σM�m� integrates 1 over the
whole space.

We assume that ρD�d� represents a normal distribution with
mean dobs (observed data) and covariance matrix C�d�, which
contains the instrumental uncertainties. Similarly, ρM�m� rep-
resents a normal distribution with mean 0 and covariance
matrix C�m�. By definition, C�m� quantifies the spatial autocor-
relation of the slip field, that is, the correlations between the val-
ues of the slip at pairs of points. Similar to Radiguet et al. (2011),
we assume that the covariance decays exponentially with the dis-
tance between the subfaults and that the slip field is isotropic.
The exponential function, in contrast to a Gaussian, allows to
stabilize the solution at large distances Radiguet et al. (2011).
Thus, the covariance matrix of the model parameters takes
the following form.

EQ-TARGET;temp:intralink-;df2;53;210C�m� � Bj0
0jB

� �
; �2�

with B given by

EQ-TARGET;temp:intralink-;df3;53;145Bij �
�
σ�u�

λ�0�

λ

�
2
exp

�
−
d�i; j�
λ

�
; �3�

in which λ is the correlation length and controls the distance
over which the slip is self-correlated (we used λ � 25 km for
each model), λ�0� is a scaling factor fixed to 10 km (about

the size of a subfault), σ�u� is the a priori standard deviation of
the slip (controls the damping effect), and d�i; j� is the distance
between the ith and jth subfaults.

With these considerations, we have

EQ-TARGET;temp:intralink-;df4;320;691σM�m� � κ�dobs� exp�−φ�m; dobs��; �4�

EQ-TARGET;temp:intralink-;df5;320;652

φ�m; dobs� �
1
2
f�Gm − dobs�tC�d�−1�Gm − dobs�

�mtC�m�−1mg: �5�

Rearranging the terms in equation (5), we conclude that the a
posteriori state of information is described by a normal distri-
bution with mean m̂ and covariance matrix Ĉ�m� defined by

EQ-TARGET;temp:intralink-;df6;320;548m̂ � Ĉ�m�GtC�d�−1dobs; �6�

EQ-TARGET;temp:intralink-;df7;320;508Ĉ�m� � fC�m�−1 � GtC�d�−1Gg−1: �7�

More explicitly,

EQ-TARGET;temp:intralink-;df8;320;456σM�m� � η′ exp

�
−
1
2
�m − m̂�tĈ�m�−1�m − m̂�

�
: �8�

We add additional a priori information by imposing that at
each subfault the rake has a valid range around the direction
of plate convergence. It can be shown that this is equivalent to
Qm ≥ 0, with Q a matrix that projects the slip vector in two
directions. This condition is expressed by the following PDF:

EQ-TARGET;temp:intralink-;df9;320;340R�m� �
�
1 if Qm ≥ 0
0 otherwise

: �9�

To update our knowledge we merge R�m� into σM�m� by
multiplying both PDFs, as we did in equation (1).

EQ-TARGET;temp:intralink-;df10;320;262σ
~
M�m� � η

~
R�m� exp

�
−
1
2
�m − m̂�tĈ�m�−1�m − m̂�

�
: �10�

Our restricted solution is the maximum likelihood model, that
is, the maximum of the function σ

~
M�m�. This approach has

been used in other studies to estimate the slip distribution pat-
terns of different earthquakes (Ruiz et al., 2016, 2017).

Slip Distribution of the Concepción
Earthquake
For each vertical displacement datasets considered (Table 1),
we estimate slip distributions performing a Bayesian inversion
to include the uncertainties in the PS70 data. The resulting slip
models (Fig. 2) show similar along-dip features characterized
by an ∼150 km long rupture confined to the deep portion of
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the plate interface, approximately between depths of 20 and
50 km below sea level, with a moment magnitude Mw 8.0–
8.1 and a maximum slip between 3–3.6 m. However, some
differences are obtained using the four datasets, which are
described subsequently.

Model A
The slip distributionmodel obtained considering the five sites that
PS70 recognized as tectonic movements produced by the 21 May
earthquake (dataset A) is shown in Figure 2a (model A). In this
case, the main rupture occurred in the deeper area of the plate
interface below the Arauco peninsula. However, model A shows
an additional slip patch to the south of the main rupture zone.

This offshore patch is controlled
by two subsidence measure-
ments, sites P12 and P13, which
have poor quality. Furthermore,
because site P12 is located on
unconsolidated deposits, it may
have experienced nontectonic
deformation, and therefore, the
measurement may not be cor-
rect. The centroid of model A
is located at a depth of 29 km,
and the maximum slip is 3.58 m.
Considering a shear modulus of
40 GPa, we obtain a seismic
moment of 1:86 × 1021 N · m,
which is equivalent to a magni-
tude Mw 8.11.

Model B
Discarding the measurement
over site P13, which have poor
quality (dataset B), we obtain
the slip distribution shown in
Figure 2b (model B). The slip
distribution of model B pre-
serves the main features of
model A, but the offshore
patch located below Mocha
Island partially disappears.
We obtain a seismic moment
of 1:62 × 1021 N · m and a
moment magnitude Mw 8.07.

Model C
Because of the impact of large
subsidences measurements of
up to 1 m at the site P12, and
considering that is localized
over unconsolidated soil depos-
its, we estimate the slip distribu-

tion with three measurements (dataset C) of good quality and the
one with fair quality showing a minor subsidence (Fig. 2c, model
C). This model agrees with the distribution and location of slip
from the other twomodels but shows a large difference in the slip
belowMocha Island, which according to local interviews was not
vertically displaced. In this case, the centroid is located at 35 km
depth, and the maximum slip is 3.44 m. The seismic moment for
model C is 1:46 × 1021 N · m, equivalent to a moment magni-
tude Mw 8.04.

Model D
To explore the influence that the inland data obtained along
the north–south highway has on the slip distribution, we
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Figure 2. Slip distribution of theMw 8.1 Concepción earthquake that occurred on 21 May 1960. The
isoslip segmented lines are shown each 0.5 m. The white dots represent the sites used in each model.
Blue vectors represent observations, and green represents the simulated data. (a) Model A, con-
sidering five sites. (b) Model B, considering four sites. (c) Model C, considering three sites. (d) Model D,
considering seven sites and the north–south highway segment (30 sites). The datasets for each model
are summarized in Table 1. The color version of this figure is available only in the electronic edition.
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estimate a fourth slip model, named model D. This model con-
siders the three sites of model C but also the nearby sites on the
Arauco peninsula, specifically some measurements in the
north and along the leveling line from Los Ángeles to northern
Temuco (dataset D). This slip distribution model (Fig. 2d,
model D) maintains features similar to those of the other mod-
els with the main rupture confined below the Arauco peninsula
but with a northeastward extension to the deeper zone of the
plate interface with up to 1 m of slip. This northeastward
extension is required to match the vertical displacements along
the leveling line measured by the IGM (see Fig. S3). As in the
other models, in model D, we obtain a moment magnitude
Mw 8.13 and a slightly smaller maximum slip of 3 m.

General slip parameters
In Table 1, we present the main slip parameters of each model
together with their respective root mean square (rms) errors
from

EQ-TARGET;temp:intralink-;df11;53;509rms �
������������������������������������������
1
N

XN
i�1

�dupredi − dui�2
vuut ; �11�

in which dupred corresponds to the predicted displacements, du
are the observed displacements, and N is the number of sites
considered. Model D has a smaller rms than other models, which
is explained by the larger number of observations (37 sites) and
the good fit of vertical displacements along the north–south
highway (Fig. S3). Nevertheless, in this case it remains unclear to
what extent the data along the leveling line is influenced by the 22
May mainshock.

The spatial resolutions of our slip distributions are verified by
checkerboard tests with patches of 60 km × 60 km (see Fig. S4).
The test indicates good resolutions in the area where most slip
was resolved, which gradually decays seaward toward the trench,
according to the spatial distribution of vertical displacements on
the surface. Checkerboard tests for models A, B, and D shown
in Figure S4a,b,d, respectively, can reproduce the synthetic
displacements well; nonetheless, this performance is attributed
to the use of larger datasets with a better coverage, and not
necessarily to a well solved inversion of slip distributions of the
Concepción earthquake. Instead, the checkerboard test for
model C (Fig. S4c) is poorly constrained because only three
observation sites were employed.

In summary, models A and B maintain similar slip distri-
bution features with a high rms and a well-solved checkerboard
test. However, the slip patch up to 1 m in the south of Mocha
Island is not consistent with the assumptions of PS70. Model C
reproduces the observations well with lower rms, considering
the uncertainties that can be at least 15% of the vertical dis-
placement for the dataset analyzed, but the checkerboard test
is not well solved due the low number of sites used. Despite
this, model C presents a simple main asperity at the bottom

of the plate interface with a peak slip of ∼3:4 m. Model D has
the smallest rms and the better checkerboard test, but the use
of north–south highway vertical displacement could be incor-
rect by the possible influence of the mainshock event. Given
the few observations sites employed, we test the performance
of the slip distribution models with additional observations
from tsunami records for the 21 May Concepción earthquake.

Sensitivity test
Our models have similar features because they are strongly
affected by correlation length (λ) and damping (σ). We assess
the influence of λ and σ parameters in the inversion using the
sites P7, P8, and P9 and additional sites P1, P3, P4, and P5 (see
Fig. S5). The results have shown that a lower σ underestimates
the slip amount and does not reproduce well the observations,
independent of the λ used. However, greater values of σ can
reproduce well the surface observations, with lower rms, but
yield complex slip distributions with remarkable slip amount
below Mocha Island, that likely did not experience significant
vertical displacement. The parameters obtained in the sensitiv-
ity test are summarized in Table S2.

Slip Models Performance Judged by
Tsunami Observations
Tsunami records and modeling
We test the performance of the obtained slip distribution models
against tsunami records of the 21 May Concepción earthquake.
Tsunami signals of this event were identified and extracted from
the mareograms originally published for the 22 May Valdivia
tsunami in Barros and Sievers (1961). Likely because of the small
tsunami amplitudes relative to those of the mainshock, the tsu-
nami signals of the 21 May Concepción earthquake were over-
looked and therefore have not been analyzed to date. At least six
tide gauge stations recorded the 21 May tsunami along the
Chilean coast in Arica, Antofagasta, Caldera, Coquimbo,
Valparaíso, and Talcahuano (see Fig. S1), all located to the north
of the 21 May earthquake source. To estimate the amplitudes,
periods, and arrival times of the 21May tsunami we: (1) digitized
the mareograms, (2) estimated the dominant tidal components
through a harmonic least-squares fit, and (3) removed these
components from the original records (Fig. S1). We could not
accurately digitize the Caldera record because of its very low
signal-to-noise ratio, likely caused by specific local topobathy-
metric conditions where the station was located (Barros and
Sievers, 1961).

The extracted and processed tsunami records are compared
with tsunami predictions from each of the obtained slip distri-
bution models. This process constitutes a key test to verify our
results, because tsunami observations were not used in the slip
inversions. To this end, we use the Cornell Multi-grid Coupled
Tsunami model (COMCOT) to compute tsunami waveforms at
the five sites where tsunami records were obtained. This model
solves the linear and nonlinear shallow water equations (LSWE

1622 Seismological Research Letters www.srl-online.org • Volume 91 • Number 3 • May 2020

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/91/3/1617/4988681/srl-2019143.1.pdf
by Univ de Chile user
on 03 July 2021



and NLSWE, respectively) using a leap-frog scheme on a stag-
gered and nested grid system (Wang, 2009). We represent the
bathymetry offshore Chile by a two-level nested grid system
with increasing spatial resolution at sites where observations
are available. For the first level grid of 30 arcsec spatial resolu-
tion, we use the General Bathymetric Chart of the Oceans
bathymetry (GEBCO) and consider the LSWE. In coastal areas,
we downsample the bathymetric data to 5 arcsec, consider the
NLSWE, and assume the effects of bottom friction using a
Manning’s roughness coefficient of 0:025 sm−1=3 (Kotani et al.,
1998). For the three sites closest to the source (i.e., Talcahuano,
Valparaíso, and Coquimbo), we use local measurements from
nautical charts to represent specific features of the seafloor that
may affect shallow water propagation. In all cases, the initial
conditions for tsunami propagation are the vertical deformation
beneath the sea estimated for each slip model using the elastic
half-space dislocation model of Okada (1985) (Fig. 3).

Tsunami triggered by the 21 May earthquake
against model predictions
In general, all slip models predict tsunamis that reasonably
match the tide gauge records deployed along the Chilean coast.
In Figure 4, we show the resulting waveforms for model C
(light blue) superimposed over the observed (black) tsunamis
in Arica, Antofagasta, Coquimbo, Valparaíso, and Talcahuano.
For Talcahuano, we also plot the waveform predicted by model
D (red line), which is discussed subsequently. The results for
the other three models are shown in Figure S6.

The amplitudes of the tsunamis triggered by the 21 May
Concepción earthquake along the Chilean coast were small,
reaching no more than 50 cm in Talcahuano but mainly less than
10 cm elsewhere. These values are significantly less than the local
tide ranges of 1.5–2 m, which may explain why the 21 May tsu-
namis were not reported by eyewitnesses. It is not surprising to
see that amplitudes do not necessarily decrease with distance
from the source. For example, the amplitudes at the station in
Arica, the farthest from the source, were larger than those at sites
much closer to the source such as Valparaíso. Tsunami ampli-
tudes depend not only on the distance from the source or on
directivity effects but also on the local bathymetry near the sta-
tions, which may induce large local amplification processes (e.g.,
bay and/or shelf resonance) (Cortés et al., 2017). Our low-quality
bathymetric data in the tsunami-sensitive region of Arica may
also explain why modeled tsunamis poorly predict the observed
tsunami patterns of later wave phases.

Aside from the waveform predicted by model D in
Talcahuano (red line in Fig. 4), the arrival times, leading wave
amplitudes and polarities (i.e., initial sea level rise or drawdown)
predicted at all stations are consistent with those recorded, espe-
cially at the three stations that are closest to the source and have
better bathymetric data. For example, although a 22 cm positive
leading wave was observed at Talcahuano 67min after the main-
shock (black line), model-predicted tsunamis indicate a similar

(a)

(c)

(b)

(d)

(m
)

(m
)

(m
)

(m
)

Figure 3. Coseismic vertical surface deformation patterns used as
initial conditions for tsunami propagation in (a) model A, (b) model
B, (c) model C, and (d) model D. Note the vertical displacement in
Mocha island for the different models and the uplift near
Talcahuano (site P1) that reproduce the Model D instead the
subsidence estimated by models A, B, and C. The color version of
this figure is available only in the electronic edition.
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positive leading wave with an amplitude of 20 cm arriving
62 min after the mainshock. This good fit, also seen at the other
stations for all slip distribution models (Fig. S6), is notable con-
sidering the potential digitization errors of the old, low signal-to-
noise mareograms and the uncertainties of the bathymetric data.
Model D, however, fails to predict the observed tsunami wave-
form in Talcahuano (Fig. 4). This model would produce coseis-
mic uplift in Talcahuano (Fig. 3d), consequently affecting the
spatiotemporal features of the leading wave, which suggests that
the northeast extension of the slip obtained there probably did
not occur, even though its rms is the lowest among the models
here considered.

In summary, our tsunami
modeling test gives us confi-
dence that the main features
of our slip distributions are
robust, except for that of model
D, which fails to reasonably
predict the tsunami waveform
in the station closest to the
source region. Because of this,
our preferred slip distribution
inversion correspond to model
C (Fig. 2c), which is a simple
main asperity at the bottom
of the plate interface.

Discussion
A deep megathrust
rupture for the 21 May
Concepción earthquake
The four slip distribution mod-
els for the 21 May Concepción
earthquake agree with one
another in terms of the distribu-
tion and position of the main
slip in this region, as well as
the location of the maximum
slip and centroid depth position.
This indicates a main rupture
below the Arauco peninsula.
Despite the few data, our pre-
ferred Concepción earthquake
slip distribution (model C) fits
better the tsunami observations
and is consistent with the non-
influence of the 21 May earth-
quake in the deformation of
Mocha Island. Also, model C
agrees with the observations
about rupture pattern and seis-
mic moment proposed by
Cifuentes (1989), a 150 km rup-

ture length, approximately 120 km rupture width and a magni-
tudeMw ∼ 8:1. The localized slip distribution of this earthquake
is well correlated to the damage produced by this event, mainly
located south of the Arauco peninsula (Astroza and Lazo, 2010).
The coastline zone was mainly uplifted by the earthquake,
which contrasts the systematic coastal subsidence caused by the
22 May Valdivia earthquake that ruptured toward south of the
Concepción earthquake (PS70).

The along-dip position of our preferred slip distribution is
similar to those of other magnitude Mw ∼ 8:0 events that have
occurred along the Chilean subduction zone. The 21 May
Concepción earthquake corresponds to a type C event in the
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Figure 4. Comparison between modeled and observed tsunamis for the 21 May Concepción
earthquake along the Chilean coast. The left panel shows the maximum sea surface elevation (η
max) in centimeters predicted by model C during 10 hr of simulation and the sites where tsunamis
were recorded by tide gauges. The right panel shows the observed tsunami waveforms (black) and
those predicted by model C (light blue). The red waveform in Talcahuano is the predicted tsunami
by model D. Note the virtual uplift of the synthetic mareogram produced by the vertical defor-
mation predicted by model D. In a real situation, the movement of the tide gauge would be in the
opposite sense, because uplift of the seafloor beneath the tide gauge would produce an
instantaneous or gradual decrease in the water column. The resulting waveforms for the other
models are shown in Figure S6. The color version of this figure is available only in the electronic
edition.
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Lay et al. (2012) subduction earthquake classification, similar to
the 1975 Mw 7.7 Arauco, 1985 Mw 8.0 Valparaíso (Barrientos,
1988; Bravo et al., 2019), 1995Mw 8.0 Antofagasta (Ruegg et al.,
1996; Pritchard et al., 2002), 2007Mw 7.7 Tocopilla (Peyrat et al.,
2010; Schurr et al., 2012), 2016 Mw 7.6 Chiloé (Lange et al.,
2017; Ruiz et al., 2017) earthquakes, and others (Ruiz and
Madariaga, 2018). Also, the position of the large asperity of
the Concepción earthquake is deeper than the main rupture
propagated for the Valdivia megathrust earthquake that was
extended from domain B–C to the trench, producing mainly
subsidence in the coastline, and therefore a Trans-Pacific tsu-
nami. Along-dip fault segmentation inferred from these deep
interplate earthquakes have been associated with different physi-
cal controls on the seismogenic interface, such as geometric
complexity, sediment loading distribution in the fore-arc, and
fault zone rheology. Although some authors describe a possible
connection between deeper earthquakes and giant earthquakes
at the plate interface (Moreno et al., 2018; Ruiz and Madariaga,
2018), the relationship between the Mw 8.1 Concepción earth-
quake and Mw 9.5 Valdivia megathrust earthquake is not yet
clear and deserves further analyses.

Earthquakes that occurred in domain C of the subduction
zone are inefficient generators of tsunamis because they favor
uplift of the land rather than beneath the sea (Fig. 3), especially
in Chile, where the trench-to-coast distance is smaller than
elsewhere (Carvajal and Gubler, 2016). In contrast, earthquake
produced by ruptures extending to shallower depths is capable
of producing much larger tsunamis, because most of the defor-
mation occurs beneath the sea (Carvajal and Gubler, 2016;
Cisternas, Carvajal, et al., 2017). A recent example is the 2015
Mw 8.3 Illapel earthquake, which produced up to 13 m runups
(Contreras-López et al., 2016; Fuentes et al., 2016) despite its
similar magnitude to the 21 May Concepción earthquake. The
few available mareograms from 21 May show instrumental tsu-
namis with amplitudes typically less than 10 cm, and up to 50 cm
in the Talcahuano station, which is the closest to the source
region and known for amplifying tsunamis (Farreras, 1978).

The forgotten Mw 8.1 precursor of the Mw 9.5
megathrust earthquake
TheMw 9.5 Valdivia megathrust earthquake slip distribution has
been studied by several previously published works (Barrientos
and Ward, 1990; Moreno et al., 2009; Fujii and Satake, 2013; Ho
et al., 2019), which mainly perform inversions with the PS70 ver-
tical displacement data. Most of them consider the displacement
due to the 21May 1960 Concepción earthquake ascribed by PS70
in their models. Although the 21 May vertical displacements
should not influence the main features of their models due to the
huge difference in seismic moment, the models of the 22 May
1960 earthquake strictly correspond to the deformation associ-
ated with the entire earthquake sequence. This includes from the
Mw 8.1 Concepción earthquake on 21 May 1960 to the last large
aftershock (Mw 7.7) on 6 June 1960 (Kanamori and Rivera,

2017). Most probably it is also affected by preseismic and eight
years of postseismic deformation as observed in recent instru-
mented great events (e.g., Wang et al., 2018).

Most likely due to the attention raised by the 22 May mega-
thrust earthquake, the 21 May 1960 earthquake has not been
studied or even mentioned in different modern works on the
seismicity of the central-south Chile subduction zone (Ruiz
and Madariaga, 2018). Our work confirms the importance
of the 21 May earthquake in the context of the large historical
Chilean earthquakes and their consideration for earthquake
recurrence and seismic hazard analysis in central-south Chile.

Conclusions
Despite the clear limitations of our models due to the few data
available, performing a Bayesian inversion and using the land-
level changes reported by PS70, we obtained the first slip dis-
tribution model for the 21 May 1960 Concepción earthquake.
Our model indicates a deep rupture below Arauco peninsula
that explains well the mainly uplifted zone ascribed by PS70
and their inefficient tsunami generation. In contrast of the
superficial subsidence observations that mainly correspond
to offshore slip, as produced by the giant Valdivia megathrust
earthquake.

We propose that the Concepción earthquake correspond to
an elliptical-shaped rupture 150 km long and 120 km wide,
with a total seismic moment of 1:46 × 1021 N · m, equivalent
to a moment magnitude Mw 8.1. This earthquake had features
similar to those of other Mw ∼ 8:0 earthquakes that have
occurred along the Chilean subduction zone, in which most
slip is located in the deepest part of the plate interface, between
20 and 50 km depth, close to the brittle–ductile transition. The
small tsunamis recorded along the Chilean coast support such
a deep rupture for the 21 May earthquake, in contrast to great
Chilean earthquakes that rupture the seismogenic zone, such as
the 22 May Mw 9.5 Valdivia megathrust earthquake, which
broke the entire plate interface immediately south than the
21 May Mw 8.1 Concepción earthquake.

Data and Resources
The vertical displacement data used in this article (Table S1) come from
a published source listed in the references (Plafker and Savage,
1970). Location of earthquakes in Figure 1 is listed in International
Seismological Centre (ISC). Mareograms used were first published by
Barros and Sievers (1961). Some figures were made using the Generic
Mapping Tools (GMT) software version 5.3.1 (Wessel et al., 2013).
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