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GEOLOGICAL NOTE

Tsunamigenic, earthquake-triggered rock slope failures during the April 21,
2007 Aisén earthquake, southern Chile (45.5°S)
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ABSTRACT. The April 21, 2007 shallow crustal earthquake (Mw 6.2) in the Aisén Fjord area triggered hundreds of
landslides around the epicentral zone. Among those, several rock slope failures such as rock slides, rock falls and rock
avalanches were induced on the steep fjord slopes. The violent impact of the disrupted rock masses into the fjord ge-
nerated local tsunamis that caused ten fatalities and extensive damage to salmon farms located along the fjord shores.
Field observations suggested that geotechnical and geomorphological factors controlled the landslide locations and
failure modes, associated with the presence of faults and topographic relief, respectively. This event is an example of
a geological hazard that has not been previously addressed in the Chilean Patagonian fjordland, revealing the need for
identifying and understanding these geological phenomena in future hazard assessments in the region.
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RESUMEN. Inestabilidades de laderas de roca generadoras de tsunami durante el terremoto de Aisén del 21 de
abril de 2007, sur de Chile (45.5° S). E1 21 de abril de 2007 un terremoto superficial cortical (Mw 6,2) en el area del
Fiordo Aisén desencadend cientos de remociones en masa en la zona epicentral. Entre éstas, se generaron varias inesta-
bilidades en laderas rocosas escarpadas, tales como deslizamientos, caidas y avalanchas de rocas. El violento impacto
de las masas disgregadas de roca en las aguas del fiordo gener6 tsunamis locales, que causaron diez victimas fatales y
un importante dafio en granjas salmoneras ubicadas a lo largo de las costas del fiordo. Observaciones de terreno sugieren
controles geotécnicos y geomorfoldgicos en la ubicacion y modos de falla de las remociones en masa, asociados a la
presencia de fallas y relieve abrupto, respectivamente. Este evento es un ejemplo de un tipo de peligro geoldgico que no
ha sido previamente detectado ni abordado en los fiordos de la Patagonia Chilena, revelando la necesidad de identificar
y comprender estos fendomenos geoldgicos en futuras evaluaciones de peligro en la region.

Palabras claves: Remociones en masa, Terremotos, Peligros geologicos, Aisén, Chile.
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1. Introduction: The 2007 Aisén Fjord earth-
quake

On April 21, 2007, a Mw 6.2 (Ms 6.3) earth-
quake (Global CMT Catalog, 2008; NEIC, 2008)
occurred at about 13:50 local time in the Aisén
Fjord, Chilean Patagonia (45.5°S, Fig. 1). The inten-
sities reported by the Chilean Seismological Survey
reached VII in the nearby towns of Puerto Aisén
and Puerto Chacabuco (Fig. 2). The earthquake
represented the peak of a seismic swarm that started
on January 22, 2007. During this period, thousands
of tremors were detected in the area (Barrientos et
al.,2007; Comte et al., 2007). After the April main
shock, the activity decreased significantly. The fo-
cus depth of the main shock was placed around 12
km according to the global network (CMT Global
Catalog, 2008), although several works suggest that
it may have been shallower (Naranjo et al., 2009,
this volume; Barrientos 2007, personal communi-
cation). Most of the local seismic network installed
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during the seismic swarm was damaged or lost due
to the tsunamis, avoiding a precise location of the
hypocentre (Naranjo et al., 2009, this volume). The
main shock focal mechanism was strike-slip with a
north-south plane solution (CMT Global Catalog,
2008), which fits the orientation of one of the main
mapped branches of the Liquifie-Ofqui Fault Zone
(LOFZ), aregional right-lateral strike-slip structure
that accommodates the parallel component of the
oblique subduction of the Nazca plate beneath the
South American plate (e.g., Cembrano and Hervé,
1993; Cembrano ef al., 2002; Fig. 1). A source re-
lationship between the LOFZ and the earthquake is
discussed by Cembrano et al. (2007), Comte ef al.
(2007) and Naranjo et al. (2009, this volume). The
local geology of the epicentral area is fundamen-
tally composed of intrusive rocks of the North Pata-
gonian Batholith, volcanic deposits from the nearby
Hudson, Maca and Cay stratovolcanoes, alluvial
sediments and a series of small monogenetic cones
(Niemeyer ef al., 1984; Lahsen ef al., 1997). The
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FIG. 1. General tectonic setting of Chilean Patagonia between 44° and 47°S, indicating the Liquifie-Ofqui Fault Zone (LOFZ), the area
where earthquake-induced landslides were recognized (box) and the April 21, 2007 earthquake epicentral zone (star), after

Cembrano et al. (2002) and Sepulveda ez al. (2008).
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FIG. 2. Digital terrain model of the epicentral area represented as a shaded relief map, showing the approximate location of the April
21,2007 earthquake epicentre by the Seismological Survey (Barrientos, 2008, personal communication) and the main mapped

rock slope failures along the fjord shores and nearby areas.

slopes of the fjord and U-shaped tributary valleys are
covered by a thin (less than 2 m) layer of volcanic soils
and vegetation.

The main shock triggered over three hundred land-
slides in the epicentral area (Sepulveda et al., 2008a), in
additionto a few ones thathave been previously induced
during the largest foreshocks. These landslides have
been mapped and described by Naranjo et al. (2007,
2009), Pavez et al. (2007), Arenas et al. (2008) and
Sepulveda et al. (2008a, 2008b). The mass movements
can be classified as shallow soil and soil-rock slides,
rock slides, rock falls, rock avalanches and debris flows,
and were distributed along the slopes of glacial valleys
around the fjord as well as on the steep fjord slopes
(Sepulveda et al., 2008a, 2008b).

This short note is focused on the rock slope
failures (see Glossary) that were induced by the
April 21 earthquake along the fjord shoreline,
which were the source of the tsunamis and configure
a complex geological hazard, such as the sequence
earthquake-landslide-tsunami. This kind of hazard
has significant implications that should be studied
in general for all populated fjords or with industrial
activities along the LOFZ. A more comprehensive
study of these and the other landslides induced by
the earthquake is being carried out by the authors and
will be published in the near future. A more extended
account of the general effects of the April 21 earth-
quake and the landslide-tsunami relationships is being
published by Naranjo et al. (2009, this volume).

2. Rock slope failures in the Aisén Fjord
2.1 Rock Slides and Rock Avalanches

The largest and most significant tsunamigenic
landslides (Glossary) were disrupted rock slides that
rapidly evolved to rock avalanches. This kind of fa-
ilure was restricted to high and steep slopes along the
fjord shore and close to it in narrow lateral valleys (Fig.
2). The rock slides (Glossary) were character-ized by
massive, mainly translational movements of rock that
were rapidly disintegrated. In many cases, the slides
did not show significant structural control by joint
surfaces dipping out of the slopes, but tended to occur
in highly fractured rock around shear or fault zones,
where the geotechnical quality of the rock mass is
reduced. Their thicknesses varied in general between
5 and 15 m, which can be considered as shallow
given the slope heights where they occurred, which
vary between ca. 200 and 1000 m. The rock slides
mainly occurred along the northern fjord shore, the
most significant of which are a landslide complex in
front of Mentirosa Island and a large slide in a ravine
next to Punta Cola (Figs. 2, 3 and 4). The estimated
volumes of these landslides are 7 and 12 millions of cu-
bic metres, respectively (Clavero ef al., 2008). A less
volumetric shallow soil and rock slide in the southern
shore also generated a smaller tsunami southwest of
Mentirosa Island (Clavero ef al., 2008; Naranjo et al.,
2009, this volume).

! Naranjo, J.A.; Arenas, M.; Clavero, J.; Lara, L. 2007. Estudio preliminar de peligros por remociones en masa en la zona afectada por
el sismo (Mw 6,2) del 21 de abril de 2007, Region de Aisén. Servicio Nacional de Geologia y Mineria, mayo de 2007 (unpublished

report).
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The disrupted nature and high kinetic energy of
the largest rock slides allowed them to transform
into rock avalanches (see Glossary). The slides next
to Mentirosa Island discharged directly into the
fjord water, thus it is not clear whether they can be
regarded as avalanches. On the other hand, the large
rock slide in the ravine close to Punta Cola stripped
vegetation from the opposite slope as it continued
downstream, with marks indicating heights of over
20 m (Fig. 4). These marks and the deposits of more
than 10 m thick along the gully, suggest a rock
avalanche mechanism. The avalanche traveled for
about 1 km before it reached the fjord.

2.2 Rock Block Slides and Rock Falls

The second failure mode found in rock slope
failures are rock block slides (Glossary, Fig. 5)
that in many cases transformed into rock falls due
to the high steepness of the fjord coastal bluffs and
some glacial valley slopes inland. Some rock falls
(Glossary) could also have been induced by tensile
failure along subvertical cracks and joints. Mobi-
lized volumes are highly variable, and can reach up
to dozens of thousands of cubic metres.

3. Discussion and conclusions

Whereas the landslides that affected the soil
slope cover and the debris flows, which are com-

FIG. 3. Rock slide complex on the northern shore of Aisén Fjord,
in front of Mentirosa Island (location in figure 2). Three
main rock slides that stripped the vegetation out can be
observed along with debris cones that form the non-sub-
merged part of the deposit of disintegrated rock.

FIG. 4. Rock slide and avalanche in a ravine in the Punta Cola
area (location in figure 2). The upper photo shows the
~12 million m*rock slide on the eastern ravine slope. The
bottom photo shows the erosion marks (black arrows)
and deposits of the rock avalanche (white arrows) along
the ravine.

mon around the epicentral area and also occur
further away in the case of older events, seem to
be related to the high susceptibility of the slopes
to fail during either seismic or rainfall triggers, the
tsunamigenic rock slope failures seem to be much
more spatially restricted to zones where certain
geomorphological, geotechnical and geological
features can be found.

The large massive rock slides were triggered
close to the epicentre, in areas where the observed
intrusive rocks are more intensively fractured due to
the presence of faults related to the major Liquifie-
Ofqui Fault Zone. Furthermore, the massive rock
slides have particular characteristics, such as their
shallowness, translational movement, disruption
of the rock mass, and the location of the landslide
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FIG. 5. Rock block slides and falls on the northern fjord shore.
Arrows show the sliding surfaces composed of pre-
existing joints.

crowns at or very near the hillside tops. These char-
acteristics are very similar to earthquake-triggered
rock slides elsewhere that have been associated with
the effect of topographic amplification of the seismic
waves (Sepulveda et al., 2005a, b). Topographic
amplification is a local site effect inducing very high
accelerations at the slope crest, which may generate
landslides in slopes that otherwise would be suffi-
ciently strong to resist such large mass movements.
This hypothesis is currently being tested using geo-
technical analyses.

The understanding of the failure modes and me-
chanics of rock slope failures is essential to correct-
ly assess the geological hazard of landslide-induced
tsunamis during crustal earthquakes along the
LOFZ in the Chilean fjordland, which seismogenic
nature has been shown by the Aisén earthquake and
seismicity found in other LOFZ segment (Lange et

135

al., 2008). Landslide volumes and velocities are
critical parameters for tsunami modelling that are
directly related to landslide mechanics, as detailed
by Clavero et al. (2008) and Naranjo et al. (2009).
Furthermore, knowledge of the relation-ships of
the landslides with structural, geotechnical and
geomorphological characteristics of the slopes will
allow the more significant conditioning factors for
landslide triggering during earthquakes in fjord
coastal environments to be defined. This will assist
future landslide susceptibility assessments in Aisén
and other fjords close to the seismogenic Liquifie-
Ofqui Fault Zone.
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GLOSSARY

Rock Slope Failures: Landslides (mass movements) originated in slopes where the failure occurs in the rock mass. They include rock
slides, rock block slides, rock falls, rock avalanches and rock slumps.

Tsunamigenic Landslides: Landslides (mass movements) that generate tsunami waves. They can be submarine or subaerial in coastal
slopes.

The definition of different types of rock slope failures used in this work is based on the classification of earthquake-induced
landslides by Keefer (1984):
Rock Avalanches: Landslides that disintegrate into streams of rock fragments that can travel several kilometres on slopes of a few
degrees at velocities of hundreds of kilometres per hour.
Rock Block Slides: One or few blocks that slide on basal shear surfaces that are discontinuities that dip out of slopes, allowing the
blocks to move without significant distortion.
Rock Falls: Individual boulders or disrupted masses of rock that descend slopes by bouncing, rolling or free fall.
Rock Slides: Rock masses that are disordered during movement into masses of rock fragments and blocks that slide on planar or

gently curved surfaces.
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