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a b s t r a c t

The 4 September 1958 earthquake has been the largest event recorded at shallow depths in the western
flank of the Andes on Chilean territory. New estimates of fault orientation, depth and size have been carried
out using modern techniques of body-wave modeling. Two possible fault planes solutions with right-
lateral displacement on an east-west fault or left-lateral displacement on a north-south fault nucleated
at 5–9 km depth produce the best fit to teleseismic recordings. A seismic moment M0 of 0.227 × 1019 N m
associated with a moment-magnitude Mw of 6.3 has been estimated with these techniques, which is a
more reliable estimation of earthquake size than the 0.4–0.7 units larger surface-wave magnitude Ms
eismic hazard earlier reported. Although no surface rupture for the 1958 Las Melosas crustal earthquake was reported,
the displacement along east-west structures like that one suggested for one of the fault plane in our focal
mechanism solution seems to be an efficient mechanism to accommodate differences in shortening from
north to south in the High Andean Cordillera. Reports on damage, landslide effects as well as re-analysis
of intensities associated with the new seismic source estimations for the 1958 Las Melosas earthquake

estim
are presented to further
of the Andes, is exposed.

. Introduction

The High Andean Cordillera is the main result of the subduction
f the Nazca plate beneath the South American plate (Fig. 1). This
ctive margin between 30◦S and 35◦S is characterized by a conver-
ence rate of about 6.7 cm/yr along an azimuth of about 78◦ (Vigny
t al., in this issue). This convergence generates three main seis-
ogenic zones: along the coast there are large shallow (0–50 km)

nterplate thrust earthquakes, large deeper (70–100 km) tensional
s well as compressional events within the subducting Nazca plate,
nd very shallow seismicity (0–35 km) within the overriding South
merican plate. Deeper seismicity (100–650 km) occurs further
orth of this region, beneath Bolivia and north-western Argentina

Barazangi and Isacks, 1976; Cahill and Isacks, 1992; Anderson et
l., 2007).

The large (M > 8) interplate thrust earthquakes – usually accom-
anied by noticeable coastal elevation changes and, depending

∗ Corresponding author at: Departamento de Geofísica y Astronomía, Universidad
acional de San Juan, Meglioli 1160 S (5400) Rivadavia, San Juan, Argentina.
el.: +54 264 423 4129x177; fax: +54 264 423 4980.

E-mail address: alvarado@unsj.edu.ar (P. Alvarado).

031-9201/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.pepi.2008.03.015
ate the hazard to which this zone, and others along the western foothills

© 2009 Elsevier B.V. All rights reserved.

on the amount of seafloor vertical displacement, by catastrophic
tsunamis – are located along the coast from Arica (18◦S, the north-
ernmost extreme of coastal Chile) to the triple junction at Taitao
Peninsula (46◦S). Their rupture zones are limited to the cou-
pled region between the Nazca and South American plates which
extends usually down to 45–53 km depth (Tichelaar and Ruff, 1991)
and their lengths can reach well over one thousand kilometers long.
Return periods for magnitude ∼8 events are of the order of 80–130
years for any given region in Chile, but about a dozen years when the
subduction plate boundary along the coast of Chile is considered as
a whole. Thus, megathrust earthquakes seem to have much longer
return periods, of the order of a few centuries for any given region
(Cifuentes, 1989; Barrientos and Ward, 1990; Cisternas et al., 2005),
while no estimates exist for shallow (depth < 35 km) continental
seismicity recurrence.

The most damaging earthquake in terms of losses of human
lives in Chilean history is the 1939 Chillán event. This earthquake,
which produced more than 28,000 fatalities, is the reminder of

the destructive capabilities of these Nazca intraplate intermediate-
depth events (Beck et al., 1998). Other examples of these type of
events in Chile are the Calama 1950 (Kausel and Campos, 1992), the
Punitaqui 1997 (Pardo et al., 2002) and the Tarapacá 2005 (Peyrat et
al., 2006) earthquakes. Large stress drops at these ∼100-km depth

http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
mailto:alvarado@unsj.edu.ar
dx.doi.org/10.1016/j.pepi.2008.03.015
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ig. 1. Regional tectonic maps of the area of study. (a) Intraplate crustal seismicity of
uring the last 20 years. Contours in km of the approximate top of the subducted N
f the subducting Juan Fernández Ridge and blue triangles, the modern volcanic ar
y a dashed-line rectangle. (b) Major tectonic provinces from Ramos et al. (2002) an

ources have been proposed as the component that produces the
arge destruction (Kausel, 1991).

The shallow sesmicity is placed along the continental crust of
he High (Principal and Frontal) Andean Cordillera and its backarc
egion, capable of generating moderate to large-sized damaging
arthquakes (Barrientos, 2007; INPRES, 2009). These crustal events
re still observed in the Argentinean Sierras Pampeanas uplifts as
ar as 600–800 km east from the trench, in good correlation with
northeast elongated flat subduction of the Nazca plate at about

00-km depth and ∼31◦S (Fig. 1) (Gustcher et al., 2000; Anderson
t al., 2007). The abundant Andean backarc seismicity extends into
he High Cordillera south of 33◦S overriding a segment of steeper
normal) subduction with typical active volcanism (Kay et al., 1991;
arrientos et al., 2004; Anderson et al., 2007). Two earthquakes that
ccurred in the western flank of the High Cordillera in August and
eptember of 1958 had shallow (20 km) depths roughly above the
hange in dip angle of the subduction, from a subhorizontal mode
o a steep angle mode (Fig. 1). Studies of the seismic sources for
hese events and other larger crustal seismic events in this southern
egment indicate shallow depths and mainly strike-slip focal mech-
nism solutions, although the 1958 earthquake solutions exhibit
n opposite direction of slip (“rake” angle) (Lomnitz, 1960; Piderit,
961; Pardo and Acevedo, 1984).

Recent studies by Barrientos et al. (2004), Leyton et al. (in
his issue) and Sepúlveda et al. (2008) point out the threat from
hese shallow-depth earthquakes and their effects in the Chilean
ordillera and its western flank posed to populated centers in Chile,
erhaps underestimated in existing seismic hazard estimations.
iven the tectonic and seismic hazard implications of this type of
eismicity, we present a quantitative seismic analysis of the histor-
cal crustal earthquake on 4 September 1958 that caused damage
n Las Melosas, central Chile (Fig. 1a) (Lomnitz, 1960; Piderit, 1961).
ur study is based on waveform modeling of paper seismograms

ecorded at teleseismic distances and compiled historic informa-
ion.

. Seismotectonic setting

Major tectonic provinces with a north-south orientation in

outh America between 30◦S and 35◦S correlate with variations
n the angle of subduction of the Nazca plate (Fig. 1) (Barazangi
nd Isacks, 1976; Jordan et al., 1983). These units mainly reflect the
astward shift of the magmatic arc through time with the conse-
uent upper plate deformation (Ramos et al., 2002). From west to
uth American plate reported by the Chile and Argentina seismic network catalogues
late from Anderson et al. (2007). White arrow represents the approximate location
tion of Fig. 2 including the 1958 Las Melosas, Chile earthquake epicenter is shown
velocity vectors with their uncertainty-ellipses from Brooks et al. (2003).

east they comprise the Coastal Cordillera with Paleozoic metamor-
phic and Mesozoic basic magmatic rocks (Parada et al., 1991); the
Central Valley with Neogene and Quaternary sediments overlying
Mesozoic basement (Charrier et al., 2007); the Principal Cordillera
with Oligocene to Miocene volcanic and sedimentary rocks includ-
ing the current active arc south of ∼33◦S (Stern, 2004); the
Precambrian-Paleozoic basement outcrops of the Frontal Cordillera
with thin and thick-skinned deformation (Cristallini and Ramos,
2000; Giambiagi et al., 2003); the Precordillera characterized by the
thin-skinned fold and thrust belt made up of Cambrian-Ordovician
carbonate platform rocks and Silurian, Devonian foreland deposits
and Late Paleozoic continental and marine sediments (Baldis and
Bordonaro, 1981; Ramos, 1999); and the basement-cored Sierras
Pampeanas uplifted by thick-skinned deformation, and discontin-
ued by intervening valleys (Jordan and Allmendinger, 1986). The
tectonic evolution of the entire region includes periods of con-
tractional and extensional episodes since Paleozoic, which have
controlled folding and faulting with reactivation and inversion of
pre-existing structures at local and regional scales (Charrier et al.,
2002; Ramos et al., 2002).

Crustal seismic activity in the South American plate also corre-
lates with variations in the geometry of the subducted Nazca plate
and differences in crustal Andean structures (Fig. 1) (Alvarado et
al., 2007). Frequent and damaging large crustal earthquakes have
occurred in the Andean backarc of Argentina in 1861, 1894, 1944,
1977 and 1985 (Kadinsky-Cade, 1985; Zamarbide and Castano,
1993; Langer and Hartzell, 1996; Mingorance, 2006; Alvarado
and Beck, 2006; INPRES, 2009). Their hypocenters were located
between 10 km and 30 km depths within the upper levels of a mafic
and thicker (∼55-km) continental crust, which overrides a nearly
horizontal subducted Nazca plate and its transition to “normal”
(∼30◦ dip to the southeast). This correlates with the inland pro-
jection of the subducting Juan Fernández oceanic ridge (Fig. 1a)
(Yañez et al., 2001; Anderson et al., 2007; Alvarado et al., 2009).
This high seismic activity shifts to the High Cordillera south of
∼33◦S generating earthquakes in the upper 20 km of the Andean
crust and its western flank (Fig. 1) (Alvarado, 1998; Barrientos et
al., 2004). In this region the slab subducts (∼30◦ to the east) nor-
mally and the Andean ∼45-km thick crust exhibits partial melting

with intermediate-to-mafic composition (Kay et al., 1991; Alvarado
et al., 2007). Several historic and modern crustal earthquakes were
recorded by global seismic networks like the 1958, 1987, 2001 and
2004 events (Barrientos and Eisenberg, 1988; Charrier et al., 2004;
Alvarado et al., 2005). With the only exception of the 1958 earth-
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uake, seismic source determinations based on waveform modeling
or these larger crustal seismic events in the High Cordillera indicate
ocal mechanisms with right-lateral strike-slip along fault-plane
olutions of north-south trending or the alternative left-lateral dis-
lacement along east-west trending fault plane solutions (Fig. 2)
Alvarado et al., 2009; Harvard-Centroid Moment Tensor catalogue,
009). A discordant style of deformation based on first-motion
ata has been suggested for the composite focal mechanism of
he 1958 Las Melosas earthquake (left-lateral strike-slip type on
steep north-south trending fault-plane solution or right-lateral

trike-slip along an east-west oriented fault-plane solution) (Fig. 2)
Lomnitz, 1960; Piderit, 1961; Pardo and Acevedo, 1984).

Current deformation of the upper South American plate is also
videnced by GPS surveys (Brooks et al., 2003; Klotz et al., 2006;
offmann-Rothe et al., 2006; Vigny et al., in this issue). An impor-

ant decay of the GPS velocity vectors, with respect to fixed stations
n cratonic South America, occurs from the coast to the east, which
s more pronounced to the south of 33◦S. Although very scarce
ata, GPS velocity vectors from Brooks et al. (2003) show a slight
lockwise rotation from the coast to the Andean backarc in this
outhern segment, which also show larger uncertainties (Fig. 1b).
esults from geologic investigations suggest there is a different
tyle and magnitude of deformation at Cenozoic times around
33◦S with a southward decrease in shortening in the Principal
ordillera that involve significant thin-skinned deformation in the
orth and mainly thick-skinned deformation in the south (Ramos
t al., 1996; Giambiagi and Ramos, 2002; Vietor and Echtler, 2006).
uch estimations are based on balanced cross-sections, which con-
ider the same initial crustal thickness (Allmendinger et al., 1990;
ristallini and Ramos, 2000). Studies of global climate change, sedi-
ent flux to the trench and tectonic uplift in Late Cenozoic indicate

he Juan Fernández Ridge intersection at around 33◦S might play
n important role in the mountain building process by changing
he mechanical properties of the plate boundary and by shal-

owing the subduction angle which led to upper-plate weakening
north of 33◦S) and inhibiting upper-plate shortening (south of
3◦S) of the continental South American plate (Vietor and Echtler,
006).

ig. 2. (a) Relocated seismicity between 1995 and 2005 from Barrientos et al. (2004). Focal
or the 4 September 1958 earthquake (1958-M, this study) and other seismogram modelin
nd 2004-H). Tectonic provinces and location of the larger foreshock (1958-F) on 28 Au
ecalculated by Sepúlveda et al. (2008) for the Las Melosas crustal earthquake on 4 Septem
ote the maximum MSK intensity IX encircles the localities of Las Melosas and El Volcán
lanetary Interiors 175 (2009) 26–36

3. The 1958 Las Melosas, Chile earthquake

The 4 September 1958 earthquake is the largest seismic event
in the last century located in the transition zone between the
seismically active Andean backarc north of 33◦S and the active
High Cordillera crust, south of this latitude. Although somewhat
uncertain, relocation studies report an epicenter at 33.826◦S and
70.140◦W and a focal depth of 35 km (Engdahl et al., 1998). Accord-
ing to the United States Coast and Geodetic Survey-USCGS (BSSA,
1959) this crustal earthquake occurred on a Sunday evening at 21 h,
51 min and 08 s (Universal Time) and had an approximate magni-
tude 6.7–7 based on estimations of surface waves from station PAS
(Pasadena, USA) or 6.7 from station BER (Berkeley, USA).

Local reports indicate four deaths nearby Las Melosas, hundreds
of injured people and major damage in Las Melosas, Chile about
60 km southeast from Santiago, the main populated center by that
time (BSSA, 1959; Piderit, 1961; El Correo de Santiago, 2009). Stud-
ies of the effects of this earthquake indicate maximum Modified
Mercalli (MM) seismic intensity IX–X in Las Melosas and El Vol-
cán (Flores et al., 1960). Santiago recorded maximum MM seismic
intensities slightly less than VI (Lomnitz, 1960) (Fig. 2).

Although global seismic catalogues include only one earthquake
on 4 September 1958, Lomnitz (1960) and Piderit (1961) have
reported the occurrence of more than one seismic event (at least
three) separated by a few minutes and of similar sized-magnitudes.
In fact, these authors assigned a 6.9 magnitude for the three sub-
events, but Flores et al. (1960) reported 6.9, 6.7 and 6.8, respectively.
We note these estimations of the seismic magnitudes are mainly
based on historical intensity reports (Lomnitz, 1970a).

According to reports from Sewell, ∼55 km south of Santiago
(Fig. 2b), at least seven earthquakes a day were recorded 6 weeks
prior to the mainshock (BSSA, 1959; Lomnitz, 1970a). Of this fore-
shock sequence, only one seismic event has been reported by the
USCGS on 28 August 1958 at 9 h, 36 min and 06 s (Universal Time)

which caused damage in Las Melosas (BSSA, 1959; Saint-Amand and
Ericksen, 1964; El Correo de Santiago, 2009). Because of this previ-
ous seismic activity, people in the epicentral area of the 4 September
1958 mainshock were evacuated. The 28 August event, in fact, pro-

mechanisms are lower-hemisphere projections with compressional dark-quadrants
g solutions from Alvarado et al., 2005 (2001-A) and Harvard CMT catalogue (1987-H
gust 1958 are also shown. (b) Map of the MSK seismic intensities listed in Table 2

ber 1958. We also show our interpolation of the MSK intensities by grey contours.
for the 4 September earthquake.
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uced large damage to the water channels that serve the El Volcán
nd Los Queltehues hydroelectric power plants (DIC, 1958). Recent
tudies by Astroza and Sepúlveda (2006) have confirmed this obser-
ation, which correlates with the occurrence of the 28 August 1958
arthquake located at 33.5◦S and 69.5◦W (BSSA, 1959) or relocated
t 34.01◦S; 70.06◦W by the ISS close to the earthquake event on
September 1958 (Fig. 2a). Pardo and Acevedo (1984) list a focal

epth of 15 km and magnitude Ms of 6.0 for the 28 August 1958
vent.

The seismic events in August and September of 1958 took place
n the upper Maipo River (Fig. 2), a region adjacent to north-south
rending, west vergent reverse faults in the foothills of the High
ordillera (Thiele, 1980). At least two landslides, which are still
reserved, were triggered by the 1958 earthquakes (Casas et al.,
005). Both landslides are likely related to the events on 28 August
nd 4 September, respectively (see Sepúlveda et al., 2008 for a
omplete analysis). On 6 December 1850 at 6 h, 42 min (Univer-
al Time) a magnitude 7–7.5 earthquake, similar to the earthquake
n 4 September 1958, hit the Maipo Valley killing two persons and
ausing widespread damage. The MM seismic intensity in Santiago
as about VII. Large rockslides were reported 14 km south of San

osé indicating a similar epicenter to the 4 September 1958 event
Lomnitz, 1970b).

Composite focal mechanism solutions using P-wave first
otions for the three events on 4 September 1958 indicate solu-

ions of approximate strike N13◦E, dip 78◦ to the west and left
ateral motion or strike N74◦W, dip 82◦ to the north and right lat-
ral motion as the possible activated fault planes (Lomnitz, 1960;
iderit, 1961; Pardo and Acevedo, 1984). Focal depths are consis-
ently shallow (∼10 km). The solution for the event on 28 August
958 is similar with fault planes of north-south strike, dip 75◦ to
he west and left lateral motion and strike N84◦W, dip 70◦ to the

orth and right lateral motion (Pardo and Acevedo, 1984). Unfortu-
ately, there is no obvious evidence of surface rupture associated
ith the seismic events in 1958 (Pardo and Acevedo, 1984; Lavenu

nd Cembrano, 1999) to help discriminate between the two possible
ctive fault planes.

ig. 3. Damage in industrial structures and facilities after the event on 4 September 1958
as Melosas. (b) Damage in footbridge of Channel Maipo Intake near Las Melosas. (c) Da
levated water (steel) tank located at El Volcán railstation.
lanetary Interiors 175 (2009) 26–36 29

In this study we present seismic modeling of teleseismic P-
waves to determine the focal mechanism, focal depth, seismic
moment, magnitude and source time function for the first event
in the sequence of earthquakes of 4 September 1958. In addition,
we compare these seismic source results with the corresponding
seismic intensities recently recalculated by Sepúlveda et al. (2008).

4. Damage and seismic intensities

The 1958 Las Melosas earthquake provides the only documented
example in the region of the effects of strong shaking related with
a shallow crustal earthquake in a subduction environment where
high magnitude interplate and in less extent, intermediate-depth
intraplate earthquakes, are far more common. Shaking intensity
data for the earthquakes are crucial for estimating earthquake haz-
ards of future Chilean crustal earthquakes since similar events will
no-doubt recur.

The earthquake damage was concentrated in mining and indus-
trial facilities (electrical generation and water supply plants)
(Figs. 2 and 3), and in one and two-story houses (Figs. 4 and 5). Many
of these buildings did not have an earthquake-resistant design
and were built with materials available from the immediate area.
Thus the stock of single buildings can be classified as unreinforced
stone or rubble masonry, adobe houses, diagonally braced wooden
frame infilled with adobe or concrete and partially or totally con-
fined stone masonry. With the exception of the latter (Fig. 6),
the others suffered heavy damage like large and deep cracks in
walls.

In view of the importance of the 1958 earthquake, Sepúlveda et
al. (2008) have revised the seismic intensities assigned by Flores
et al. (1960) and Lomnitz (1960) and estimated new intensity val-
ues over VI in the area damaged by this earthquake. The new

intensity results are mainly based on analysis of historical docu-
ments (Rosenberg, 1958; Flores et al., 1960; Piderit, 1961) and direct
field observations (Sepúlveda et al., 2008). Thus these intensity
values consider the distribution of damage in the different types
of structures, which are classified according to their vulnerability

(DIC, 1958); see location in Fig. 2. (a) Damage in Channel Maipo, sector Intake near
mage in surge chamber of Channel El Volcán, near Los Queltehues. (d) Damage in
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Fig. 4. Damage in unreinforced masonry house in El Volcán (a) and Las Melosas (b) (DIC, 1958) after the event on 4 September 1958; see location in Fig. 2.
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Table 1
Definition of vulnerability classes (modified from Sepúlveda et al., 2008).

Vulnerability class Type of structure

A Stone masonry and adobe houses
B Stone masonry fixed with cement mortar. Unreinforced

masonry houses. Braced wooden frame infilled with
ig. 5. Damage in two story unreinforced stone masonry buildings in Las Melosas
fter the earthquake on 4 September 1958 (DIC, 1958); see location in Fig. 2.

Table 1) using the MSK (Medvedev, Sponheuer, Karnik) intensity
cale. The MSK scale relates damage distribution with vulnerability
lass (Karnik et al., 1984; Monge and Astroza, 1989).

Because of the scarce population in the epicentral area of the
958 earthquake at that time, the intensity values were only deter-

ined in 15 small towns located at distances of less than ∼80 km

rom the earthquake epicenter. Sepúlveda et al. (2008) show how
he photographs (DIC, 1958) and damage reports were used to
ssign MSK intensities at specific places. We interpolated the MKS
ntensity data for the 1958 earthquake. Table 2 and Fig. 2b compile

Fig. 6. Confined stone masonry buildings without damage in El Vo
adobe
C Reinforced and confined masonry houses

these intensities, which show peak values of VIII–IX in the epicen-
tral area with a quick attenuation pattern, being reduced from IX to
VI over a distance of just 40 km. The intensities in the earthquake-
felt area IMSK ≤ V, were obtained from the newspaper “El Mercurio”
(1958). In this region, damage to buildings and other earthquake
effects like rockfalls and landslides completely disappeared. Astroza
and Sepúlveda (2006) used evidences of rocksfalls to delimitate
the intensity VI based on comparison with other earthquakes in
Chile. In Santiago, documented reports state there was no dam-
age to buildings although the shock was very appreciable; thus an
intensity V was assigned (Table 2 and Fig. 2b).

5. Teleseismic data and methods

Seismic waveforms for historical earthquakes prior to the World
Wide Standard Seismograph Network (WWSSN) operation are dif-
ficult to obtain. If existing, the historic seismograms are on smoked
paper or common ink recordings on standard paper archived in

a few seismic observatories around the world. We have collected
vertical-component paper seismograms and instrument responses
from five seismic observatories for the 1958 earthquake (Fig. 7b
and Table 3). We have scanned and digitized all available analog
seismograms using the interactive software SeisDig (Bromirski and

lcán after the earthquake on 4 September 1958 (DIC, 1958).
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Table 2
Intensities from Sepúlveda et al. (2008) for the 1958 earthquake.

Locality Latitude Longitude MSK seismic intensity

Puente Alto −33◦36′ −70◦34′ V–VI
Las Vizcachas −33◦36′ −70◦31′ V–VI
La Obra −33◦35′ −70◦27′ V–VI
El Canelo −33◦34′ −70◦26′ VI
El Manzano −33◦35′ −70◦24′ VI
Guayacán −33◦35′ −70◦23′ VI–VII
San José de Maipo −33◦38′ −70◦22′ VI–VII
El Melocotón −33◦42′ −70◦20′ VII
San Alfonso −33◦43′ −70◦17′ VII
El Ingenio −33◦46′ −70◦15′ VII–VIII
San Gabriel −33◦47′ −70◦15′ VII–VIII
Los Queltehues −33◦47′ −70◦13′ VIII
Las Melosas −33◦51′ −70◦13′ VIII–IX
El Volcán −33◦49′ −70◦10′ IX
Lo Valdés −33◦51′ −70◦03′ ≤VII
Santiago −33◦27′ −70◦38′ V
Valparaísoa −33◦02′ −71◦38′ III
San Felipea −32◦45′ −70◦43′ III
La Caleraa −32◦45′ −71◦12′ III
Sewela −34◦05′ −70◦23′ IV
Rancaguaa −34◦10′ −70◦45′ III
Curicóa −34◦59’ −71◦14′ III
Cureptoa −35◦05′ −72◦01′ III
T
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Fig. 7. (a) Example of a vertical component seismogram recorded at 76◦ epicentral
distance and 146◦ backazimuth by station TUC (Tucson, USA) for the 4 September

T
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T
P
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d
V

alcaa −35◦25′ −71◦35′ III
auquenesa −35◦58′ −72◦19′ II

a El Mercurio newspaper, 1958.

huang, 2003) (Fig. 7a). We also used Sac2000 (Goldstein et al.,
999) for data preparation.

We did a grid search to estimate the focal mechanism using
olarities of the P-wave first-motion data in Table 3 (Fig. 7b).
ata from the vertical-component record at station Huancayo in
erú only provided polarity information (Table 3). Because of the
imited data availability for this historical earthquake, we also
tilized vertical-component seismograms to model teleseismic P-
aves recorded at epicentral distances between 76◦ and 86◦. We
sed a waveform modeling technique that determines the source
ime function from an inversion of multi-station data considering
minimization of the scatter in the waveform amplitudes (Ruff,

989). Instrument responses were convolved with synthetic seis-
ic displacements before comparison with observed data. Better
atches between observed and synthetic seismograms occur for

etter-predicted amplitude phases and their respective timing. We
ssumed the focal mechanism parameters (strike, dip and rake)
nd the focal depth. The source earth model consisted of a P-wave
elocity of 6.2 km/s and an average density of 2.7 g/cm3. We used
2-s interval for the source time function and 40-s length of the

eleseismic P-wave records.
In order to improve our estimate of uncertainties on seis-

ic source parameters, we have performed a full grid search

round the focal mechanism parameters and focal depth. Thus
e computed several inversions for a set of fixed strike, dip,

ake and focal-depth values using the described method by
uff (1989). For each inversion, we obtained the source time
unction, the amplitude misfit-errors between observed and syn-

able 3
eismic data used in the source study of the 1958 earthquake.

tation Comp. Lat. Long. H (m) Delta Az Baz

ES Z 42.38 −71.32 60 75.8 359.1 179
RK Z 37.87 −112.26 49 86.2 321.3 138.8
UC Z 32.25 −110.83 770 76 325.3 146
AS Z 34.14 −118.17 295 81.2 321.4 141.2

omp. is the seismic component (Z, vertical component); Lat., the station location latitu
istance; Az, the azimuth to the station; Baz, the back-azimuth from the station; T0, the p
m, the instrument amplification; Speed, the rotating drum velocity; Take-off, the angle f
1958 earthquake. Three different seismic events (E1, E2 and E3) are observed in a
time window of 4–5 min. For these data, Event E1 is the only seismic event with a
clear arrival. (b) Distribution of seismic stations used in this study with respect to
the 1958 earthquake location (see Table 1 for details).

thetic waveforms and the corresponding synthetic seismograms
(Figs. 8 and 9).

6. Results and discussion

We have identified at least three events in the sequence of earth-
quakes on 4 September 1958 as found previously by other authors
(Lomnitz, 1960; Piderit, 961). Fig. 7a shows a vertical-component
seismogram from station TUC (Tucson, USA). This record clearly
shows the first event E1, and possible events E2 and E3 approximate
arrivals at 1.5 min and 4 min after the first event E1, respectively.
We were able to identify a similar sequence of seismic events on
the record from station PAS (Pasadena, USA) (Fig. 7b). Accurate
arrival reading and modeling of the waveforms for these events (E2

and E3), however, is difficult because of their interference with the
seismic coda from the first event. Thus we only modeled the first
event E1 as shown in Fig. 8.Our best results for the first event on 4
September 1958 indicate a seismic moment M0 of 0.227 × 1019 N m
and a duration of 8–10 s for the source time function. Consider-

Type of Inst. To Tg Damp Vm Speed Take-off

Benioff 1 60 0.7 3000 30 mm/min 19
Galitzin 12 12 0.6 600 30 mm/min 16
Benioff 1 77 0.8 3000 30 mm/min 18
Benioff 1 90 0.8 3000 30 mm/min 17

de; Long., the station location longitude; H, the station altitude; �, the epicentral
eriod of the seismometer; Tg, the period of the galvanometer; Damp, the damping;
or a seismic ray leaving the source.
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Fig. 8. Results of the 4 September 1958 Chile, earthquake. (a) Our preferred focal
mechanism solution (fault plane 1: strike N20◦E, dip 70◦ to the southeast and rake
30◦; fault plane 2: strike N80◦W, dip 62◦ to the north and rake 157◦) plotted as a
lower-hemisphere projection with dark compressional quadrants and P-wave seis-
mic records (see Table 3 for details). For comparison, we present the first-motion
focal mechanism solution from Pardo and Acevedo (1984). (b) Teleseismic model-
i
s
m
o

i
r
n
t
o
a
f
a

Fig. 9. Grid search results for focal mechanism parameters for the 1958 Las Melosas,
Chile earthquake using multi-station inversion of long period P-wave seismograms.
(a) Normalized errors between synthetic and observed seismogram-amplitudes for
ng of the long period P-wave vertical component seismograms recorded at stations
hown in Fig. 7b and Table 3; source time function results for the preferred focal
echanism. Solid lines are observed data and dashed lines are the synthetic data for

ur preferred model.

ng our seismic moment estimation (M0 = 0.227 × 1019 N m) and the
elationship Mw = 0.67 × log M0 − 6.0, we obtained a moment mag-
itude Mw = 6.3. Our preferred focal mechanism solution indicates

wo possible fault planes: fault plane 1 with azimuth of 20◦, dip
f 70◦ to the southeast and rake of 30◦; and fault plane 2 with
zimuth of 280◦, dip of 62◦ to the north and rake of 157◦. Our best
ocal depth is about 8 km but solutions between 5 km and 9 km
re acceptable. We obtained one single pulse for the source time

varying dip and rake for a fixed strike of N20◦E. (b) Same as (a) varying strike and
rake for a fixed dip of 70◦ to the southeast. (c) Same as (a) varying strike and dip for
a fixed rake of 30◦ . (d) Synthetic and observed amplitude misfit errors as a function
of focal depth for the best combination of strike, dip and rake (Fig. 8) and variable
focal depth.
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unction of the first event (E1) during the sequence of the 1958
arthquake of a duration of 8–10 s (Fig. 8b), suggesting that most
f the moment release occurred near the epicenter. Assuming a
upture velocity of 2.5 km s−1 and a duration of 8-s for the source
ime function, we estimate that most of the seismic moment was
eleased within approximately 20 km of the epicenter. Depending
n if the earthquake had a unilateral or bilateral rupture, the fault
ength should be between 20 km and 40 km, respectively. Using

0 = �DA, and two possible fault areas (10 km × 20 km for a uni-
ateral rupture and 10 km × 40 km for a bilateral rupture), and a
igidity � of 3 × 1010 N m−2, we calculated an average slip (D) of
0 cm and 20 cm, respectively.

In order to provide uncertainties, we have tested a full com-
ination of source parameters (strike, dip, rake and focal depth)
sing a grid search. For this purpose we initially fixed the strike
nd varied the other parameters every ten degrees for the focal
echanism solution and every 1-km for the focal depth using the

eleseismic P-wave inversion described in the previous section. We
epeated the same analysis for a fixed dip, and then for a fixed strike.
ifferent maps of the errors between the observed and synthetic
ata are shown in Fig. 9. Each point in these maps corresponds to
solution similar to that one shown in Fig. 8. Thus we constrained

he overall best solution (Fig. 8) by comparing the observed seis-
ograms (waveform and amplitude) to the synthetic seismograms

alculated for a specific set of source parameters, the normalized
rrors between the synthetic and observed waveform amplitudes
or each model, and the source time function results. We obtained
ossible ranges of 10–30◦ for the strike, 60–70◦ for the dip, and
0–40◦ for the rake (Fig. 9). We note these uncertainties in fault
arameters are similar to those for the other east-west oriented

ault plane solution. The best fit between observed and synthetic
aveform amplitudes occur for a focal depth of 8 km, although

olutions between 5 and 9-km depth are acceptable. Comparing
ur best solution for the 1958 earthquake to solutions for other
oderate magnitude sized events in the region in 1987, 2001 and

004 (see Fig. 2a), we note the NNW- SSE P-axis orientation is
omewhat different. The other events show mainly EW to SW-
E P-axis orientations. Based on this observation and published
PS velocity vectors in our study area that exhibit from west to
ast a rough clockwise rotation and a significant magnitude decay
hrough the Andean cordillera (Brooks et al., 2003; Vigny et al., in
his issue), the crustal earthquakes in 1987, 2001 and 2004 could be
ccommodating deformation with small right-lateral motion along
pproximate north-south faults in the High Cordillera (Figs. 1b and
a). In fact the 1987 Mw 5.9 crustal earthquake (Fig. 2a) and its
ftershock sequence have occurred along an approximate north-
outh fault associated with right-lateral displacement (Barrientos
nd Eisenberg, 1988). In contrast, our solution for the 1958 Las
elosas earthquake shows a different strike-slip focal mechanism

hat could be related to east-west oriented faults that showed right
ateral motion. We suggest the activation of east-west trending
tructures is important to accommodate differences in tectonic
hortening from north to south. Higher tectonic shortening has
een reported to the north of 33◦S, a region mainly characterized
y thin-skinned deformation (Allmendinger et al., 1990; Kley et al.,
999; Ramos et al., 2002) which extends into the Andean backarc,
ometimes causing large magnitude damaging crustal earthquakes
n the Argentinean Precordillera (Alvarado and Beck, 2006). South
f 33◦S the region is characterized by thick-skinned deformation
Ramos et al., 1996) mainly restricted to the active volcanic arc;
his may be a consequence of the interaction of the High Andean

ordillera morphological unit with the rigid undeformed Argen-
inean basement in the backarc region where the Precordillera
nd Sierras Pampeanas uplifts exhibit their southern termination
Fig. 2) (Lavenu and Cembrano, 1999; Costa et al., 2000). In addi-
ion, for this region the ongoing upper plate deformation viewed
lanetary Interiors 175 (2009) 26–36 33

from GPS measurements coincides with the signal of long-term
geological deformation, also providing evidence of a progressive
southward decrease of shortening velocity (Klotz et al., 2006). Nev-
ertheless the occurrence of the 1958 Las Melosas earthquake along
a north-south active fault cannot be ruled out.

Geomorphologic studies of the landslides triggered by the 1958
earthquakes show that the landslide in “Las Cortaderas” along the
Yeso river (Fig. 2) was directly related to the event on 4 Septem-
ber of 1958 and the landslide in “El Manzanito” along the Maipo
Valley south of Las Melosas was directly related to the event on
28 August of 1958 (see Sepúlveda et al., 2008 for a full descrip-
tion). Approximate 15–20 × 106 m3 of mass consisting of volcanic
blocks with sand were displaced during the 4 September event in a
northwest direction along the approximately north-south oriented
Yeso river (Flores et al., 1960; Casas et al., 2005). This is consistent
with our focal mechanism solution associated with an active fault
plane of north-south trending and the assumption that the Las Cor-
taderas landslide occurred along an active north-south fault during
the 4 September 1958 earthquake. The possible active fault of north-
south trending in our solution is also consistent with the dominant
structural trend observed for the main morphostructural units and
some Pliocene and Quaternary faults in the intra-arc Andean region
(Lavenu and Cembrano, 1999; Armijo et al., 2006) (Figs. 1b and
2a). However, the left lateral motion predicted along a north-south
active fault by our focal mechanism solution precludes the pos-
sible association of the 1958 earthquake to the recognized active
faults in the Las Melosas epicentral area, which clearly show slips
of tenths of kilometers in the last 20 m.a. along an east-west direc-
tion (Rolando Armijo, personal communication 2007; Lavenu and
Cembrano, 1999).

According to Wells and Coppersmith (1994), an empirical scal-
ing relationship between the moment magnitude and the surface
rupture length (SRL) is given by Mw = 5.08 + 1.16 × log (SRL). Using
this relationship with our results, a surface rupture length of at least
11 km should be expected for the 1958 event, but no surface rupture
caused by the 1958 earthquake has been reported. Thus the discrim-
ination of the active fault plane in our focal mechanism solution and
its association to exposed faults in the epicentral area are difficult
(Pardo and Acevedo, 1984; Lavenu and Cembrano, 1999). More geo-
morphic features are needed to better delineate active structures
in this area prone to landslides.

Refined focal-depth determinations from this study (8 km) and
Alvarado et al. (2005), and crustal structure studies along the active
arc (Alvarado et al., 2007) indicate the seismicity in the high Andes
occurs in the upper crustal levels with focal depths < 20 km. This
shows a different style of crustal deformation when compared with
deeper (focal depths < 35 km) seismicity near Santiago to the west
of the region of study (see Leyton et al., in this issue) or further east
in Argentina (Alvarado et al., 2005).

Our estimations for the focal depth (∼8 km) and focal mech-
anism (strike-slip solution) are consistent with previous seismic
determinations by Lomnitz (1960), Piderit (1961) and Pardo and
Acevedo (1984) (Fig. 8a). Both, constraints for the focal depth and
focal mechanism are also in agreement with mechanical models by
Armijo et al. (2006) that consider active major thrust structures at
deeper levels in the western flank of the Principal Andean Cordillera
(ex. San Ramón thrust fault).

Another interesting aspect of our study is related to the magni-
tude estimation. We find a moment magnitude Mw of 6.3; this is
0.4–0.7 units less than those previously reported by other authors
(ex. Lomnitz, 1970a). We note the magnitude estimations Ms 6.75–7

(PAS); 6.75 (BRK) initially reported by the USCGS for event E1 on 4
September 1958 refer to an estimate of the Richter magnitude by
the Seismological Laboratory at Pasadena (PAS, USA) or the Seismo-
graph Station at Berkeley (BRK, USA) (BSSA, 1959). In contrast, our
estimation of Mw 6.3 is based on source modeling directly related
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o the radiated energy (Hanks and Kanamori, 1979) where seismo-
ram amplitudes are taken into consideration but a higher weight is
iven to a good overall waveform fit than to a particular seismogram
mplitude only. Other magnitudes reported (ex. Ms 6.9 by Lomnitz,
970a) are based on seismic intensities which do not provide objec-
ive estimates of the uncertainty in magnitude in comparison with

oment magnitude based on seismogram modeling. In fact good
stimates of magnitudes using intensity data depend on intensity
ssignments which usually are few and more poorly determined
or historical earthquakes (Bakun, 2006). It is worth to note that the
eismic intensities reported for the 1958 earthquake can be reflect-
ng the overall (integrated) effects of the three events E1, E2 and
3 on the seismic sequence of 4 September 1958, perhaps overes-
imating the magnitude of this earthquake. For these reasons we
elieve our estimation for Mw provides a more reliable estimate to
uantify the 1958 Las Melosas seismic source.

A Mw = 6.3 event is associated with a rupture area of about
50–200 km2 (or 20 km × 10 km), much less than the 800 km2

xpected for a 6.9 event (Wells and Coppersmith, 1994). We note,
owever, that our Mw estimation represents a lower limit because
he best source time function results exhibit a slight negative pulse
fter the main positive pulse, which decreases the seismic moment
stimation and thus our estimated magnitude. Adding more seismic
ecords to the waveform modeling could improve these results.

The revised intensity data provide quantitative constraints on
he attenuation of intensity as a function of distance. Compared
ith other crustal earthquakes, the intensity attenuation has sim-

lar patterns of shallow earthquakes in western Argentina and
orthern Chile, but damage caused by Las Melosas earthquake

ies under the California earthquake attenuation relationships
Sepúlveda et al., 2008).

Our results and the two medium to large and well preserved
andslides triggered by the 1958 earthquake in the epicentral area
Las Cortaderas and El Manzanito landslides) and the 1850 earth-
uake also associated with rockslides in the epicentral area of the
September 1958 earthquake (Fig. 2a) confirm that large land-

lides can occur for moderate crustal events and IMSK or MMI ≥ VIII
Boatwright and Bundock, 2005). Based on historic information no
ite amplifications derived from superficial geology deposits were
etected for the damage area (Table 2).

. Conclusions

Inversion of teleseismic P-waves for the first event in the
equence of earthquakes on 4 September 1958 indicates a
trike-slip focal mechanism solution with fault planes of: (1)
zimuth = 20◦, dip 70◦ to the southeast and rake 30◦ and (2)
zimuth = 280◦, dip = 62◦ to the northeast and rake = 157◦, a focal
epth of 8 km, a seismic moment M0 of 0.227 × 1019 N m and a
oment magnitude Mw of 6.3. We found a simple source time

unction of 8–10 s duration.
This strike-slip solution for the crustal 1958 Mw 6.3 earthquake

ith NNW-SSE P-axis orientation indicates a discordant style of
arthquake deformation when compared to other strike-slip solu-
ions in the region for moderate earthquakes in 1987, 2001 and
004 that show mainly east-west P-axis orientations and agree-
ent with E-W compression patterns in the High Cordillera since

liocene. Although no surface rupture was reported for the 1958 Las
elosas event, our solution for this earthquake is more consistent
ith the activation of east-west structures, which could be accom-

odating differences in a higher shortening to the north of ∼33◦S

han to the south of this latitude.
Large-sized crustal seismicity in the High Andean Cordillera

etween 30◦S and 35◦S seems to be rare during historical and
resent times (Gustcher et al., 2000). The occurrence of the
lanetary Interiors 175 (2009) 26–36

crustal earthquake on 4 September 1958 indicates the potential
for damaging moderate magnitude strike-slip events associated
to undetected active faults that can seismically trigger landslides
and rockslides in a populated area to the east of Santiago. Thus,
the intensity results provide important information on the level
of shaking that can be expected from shallow crustal earthquakes
in central Chile, and should be considered in seismic hazard
assessments and engineering design in the region. Considering the
maximum expected intensities for a shallow design earthquake (M
∼7.0, IMSK ∼IX), the Chilean seismic code must prohibit the con-
struction of adobe and unreinforced masonry buildings.
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