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Abstract

The 1960 rhyodacitic fissure eruption in the Cordón Caulle Volcanic Complex (CCVC), located in Southern Andes (40.58S)
was a unique volcanic episode. The remarkable eruption was triggered by the greatest recorded subduction-zone earthquake,

starting 38 h after the main shock, 240 km inland. The structural behaviour, two compound fissures opening along a margin-

oblique (NW) structure related to the Quaternary evolution of the CCVC, suggests that the prefractured nature of the upper crust

in the Southern Andes was an influential condition for volcanic eruptions. From historical data and morphologic and structural

analysis, we suggest that NW structures constitute pathways of steady magmatic ascent. Thus, during the great seismic event,

and catalysed by the fluid pressure around a fault, it would have been reactivated allowing, initially, the propagation of a non-

Andersonian dyke. Then, the silicic magma would have reached the surface by dseismic pumpingT. Once the initial activity in

the reactivated segments ceased, the local stress field would have changed, favouring the formation of new failures, this time

almost parallel to the maximum horizontal stress, and promoting magma transport as Andersonian dykes. Although the

rheologic characteristics of the silicic lavas erupted together with the structural behaviour and seismic features of this eruptive

cycle constitute rather exceptional conditions in the Southern Andes record, the prefractured nature of the upper crust and the

shifting propagation of Andersonian and non-Andersonian dykes provide a theoretical framework to analyse the neotectonics of

the volcanic arc in a convergent margin.
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1. Introduction

The relationship between volcanism and tectonics

has been a controversial topic for many years. The

early recognition of close spatial relationships
al Research 138 (2004) 127–138



Fig. 1. Shaded relief of South America. White box shows the

CCVC. Rupture zone of 1960 Chilean earthquake after Plafker and

Savage (1970) and relocated epicentre (Cifuentes, 1989) are shown

Current subduction velocity after DeMets et al. (1994) is also

indicated. A focal mechanism solution for 1960 earthquake by

Cifuentes (1989) is at upper right corner (black region corresponds

to compression on lower hemisphere diagram).
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between faults and volcanic centres has led to

construction of models that try to explain the pattern

of regional deformation as well as the distribution,

evolution and morphostructure of the volcanic

centres in different geodynamic settings (Takada,

1994; Bellier and Sébrier, 1994; Dhont et al., 1998).

For example, Nakamura (1977) suggested that the

parasitic cones of stratovolcanoes are aligned accord-

ing to the maximum horizontal stress (rhmax). Other

authors have shown direct links between the geom-

etry of the faults that are used as pathways for

magmatic ascent (Tibaldi, 1995), their displacements

(e.g., Delaney et al., 1986; Alaniz-Alvarez et al.,

1998), and some morphologic characteristics of the

volcanic centres. Although that is a key topic of

research in the Southern Andes Volcanic Zone

(SAVZ: 33–468S), we want to focus on two less

discussed aspects: (1) the reactivation of structures

allowing the emplacement of dnon-AndersonianT
dykes (i.e. dykes not parallel to rhmax and therefore

not correspond to dAndersonianT structures; Ander-

son, 1951; Bahar and Girod, 1983; Delaney et al.,

1986) and (2) injection resulting from coseismic

deformation during large earthquakes in subduction

zones. The concept of fault reactivation was mainly

developed by Sibson (1985, 1987, 1996, 2000) and

Sibson et al. (1988) to explain cycles of mineraliza-

tion in several tectonic settings and is an important

framework for understanding prefractured convergent

margins with regional-scale active faults. This is the

case of the South Southern Volcanic Zone (SSAVZ:

37–468S) where the Quaternary volcanic arc has

been built close to trench-parallel Cenozoic structures

such as the Liquiñe-Ofqui Fault (e.g., Cembrano et

al., 1996; Lavenu and Cembrano, 1999), as well as,

older NW–SE structures, possibly formed previous to

the Mesozoic Andean cycle.

In addition, coseismic deformation propagated

inland for 250 km would be an unlikely fact, although

it is possible in the context of the largest earthquake

instrumentally recorded in the world (rupture zone

around 1000 km long) (Fig. 1). The relation between

subduction earthquakes and volcanic eruptions has

been analysed by Blot (1965), Acharya (1982) and

Linde and Sacks (1998), among others, although with

very different data sets. Although the instantaneous

deformation in the volcanic arc in the Southern Andes

was not monitored during the 1960 eruptive cycle,
.

some morphologic features, as well as the analysis of

several technical reports and papers (Veyl, 1960; Saint

Amand, 1961; Casertano, 1962; Katsui and Katz,

1967) about the eruptive process, allow a more

comprehensive explanation of the eruptive event as

a whole. A structural analysis based on the classic

theory of fractures and brittle rupture criteria (e.g.,

Anderson, 1951; Hubbert and Rubey, 1959; Byerlee,

1978) together with new approaches on fault reshear-

ing (e.g., Sibson, 1985, 1987, 1996, 2000; Sibson et

al., 1988) may explain the relationship between the

coseismic deformation and the fissure eruption of a

rhyodacitic magma.
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2. Cordón Caulle Volcanic Complex (CCVC)

Cordón Caulle Volcanic Complex (CCVC) is a

cluster of eruptive centres that extends between the

Cordillera Nevada caldera (1799 m a.s.l.) and the

Puyehue stratovolcano (2236 m a.s.l.) from NW to SE

(Fig. 2). It consists of various fissure vents with

aligned domes and pyroclastic cones (Moreno, 1977).

The CCVC, located 240 km east of the Chile–Perú

trench, forms a transversal 15 km long by 4 km wide

ridge of 1358 azimuthal direction, including a nested

graben. On the northwestern end is located the
Fig. 2. Geologic map of 1960 fissure in the CCVC. Main crater, fissure or

NE3, NE7 and NE8 vents; NE2, NE4; NE5 and NE6 fissures). Insert sketc

and 1960 fissure vents. Regional long-lived faults are also indicated.
Cordillera Nevada caldera, a collapsed Pleistocene

stratovolcano (Campos et al., 1998; Lara et al., 2001,

2003) while on the southeastern end, the Puyehue

stratovolcano appears as a prominent truncated cone

that has a 2.5-km diameter summit caldera intermit-

tently active during the last 10,000 years with

noticeable explosive pulses. The chemical composi-

tion of the CCVC has been mainly rhyodacitic to

rhyolitic (68–71% SiO2; Gerlach et al., 1988), with

subordinated basaltic to andesitic types among the

earlier lavas. The abundance of silicic types is unique

among the mostly bimodal centres along the SSAVZ
vents are labelled (G: Gris crater; AZ: El Azufral crater; NE0, NE1,

h shows CCVC as a whole (white box is the map area) and 1921–22
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(37–468S), where basalts widely predominate over

more silica-rich rocks.

The tectonic control of the CCVC seems to be

remarkable. The entire volcanic complex was built on

a pre-Andean NW structure that limits geological

domains at regional scale. For example, the overall

construction of Puyehue volcano was coeval with the

early stages of lava domes eruptions along the

internal NW graben in the CCVC (Moreno, 1977).

Moreover, another fissure eruption of rhyodacitic

magma in 1922 is recognized in the northwestern end

of the CCVC where NW fissures bend as ring faults

inside the Cordillera Nevada caldera. On the other

hand, several hot springs, forming the most important

active geothermal field of the SSAVZ, are located

inside the graben that joins Cordillera Nevada cal-

dera with the Puyehue stratovolcano (Fig. 2). In

the CCVC, microseismic volcanotectonic events,

together with long period and low frequency signals

and a sustained tremor may be related to the opening

and closing of the hydrothermal and magma conduits

inside the structural system (Peña and Fuentealba,

2000).
3. The 1960 earthquake (Mw=9.5)

The 1960 Chilean earthquake is the largest

instrumentally recorded in the world. The magnitude

of the released energy saturated the conventional

scale when the dimension of the rupture zone

exceeded the wavelength of the seismic waves used

for its calculation (Kanamori and Cipar, 1974). Thus,

Kanamori (1977) proposed a new scale that considers

the seismic moment for the equation of energy of

Gutenberg–Richter (Gutenberg, 1956). In this modi-

fied scale, the Chilean earthquake of 1960 reaches

Mw=9.5, followed by the Alaska 1964 (Mw=9.2),

Aleutians 1957 (Mw=9.1) and Kamchatka 1952

(Mw=9.0) earthquakes. The rupture zone (Fig. 1),

determined by Plafker and Savage (1970) consider-

ing coseismic intensities and land deformations,

reaches 1000 km in length, with the CCVC located

approximately in front of the middle of this segment.

Some of the effects of the earthquake were world-

wide and, for example, Smylie and Mansinha (1968)

described a shift of the terrestrial axis of rotation that

followed the earthquake and Eaton et al. (1961),
Sievers et al. (1963), and Berninghausen (1962)

described destructive tsunamis that affected the

coasts of the western Pacific Ocean. In addition,

Duda (1963) and Plafker and Savage (1970) made a

detailed compilation of the sequence of seismic

events that began on May 21st (10:03 GMT), with

a first shock located in the north end of the rupture

zone, and culminated on May 22nd (19:11 GMT)

with the main shock, whose epicentre was located

140 km toward the southwest of the first one. More

recently, Cifuentes (1989) analysed the foreshock

and aftershock sequences constraining the source

mechanism of the main thrust event. Many authors

(e.g., Veyl, 1960; Weischet, 1963) report huge

topographic changes along the Pacific shoreline

where up to 5.7 m of uplift and 2.7 m of subsidence

occurred after the main earthquake. Subsequently,

using a local geodetic network, Plafker and Savage

(1970) characterized the coseismic deformation in the

coastal area and inland. In addition to uplift and

subsidence along the shoreline, spontaneous water

springs, dmud volcanoesT and cracks, took place on

the unconsolidated deposits. Fractures up to 500 m

long with orthogonal directions of N458 and N1358
were recognized in the coastal area. Landslides

located along the main trace of the Liquiñe–Ofqui

Fault were the easternmost morphologic effects of

the 1960 earthquake.

Only 38 h after the main shock, an eruptive cycle

of the CCVC began. Although the Chilean seismic

network available in 1960 was too sparse to suitably

characterize the earthquake sequence, the zone of

continental surficial deformation was at least 150 km

wide according to the local geodetic network (Plafker

and Savage, 1970). With these data, Barrientos and

Ward (1990) obtained the displacement in the rupture

zone. Using this displacement, Barrientos (1994)

made a bidimensional analysis of the deformation

and applied a static propagator matrix (Ward, 1984) to

obtain the displacements in the CCVC area, assuming

a 258 west vergent thrust plane in the rupture zone. If

their assumptions were correct, horizontal displace-

ments of ca. 20 m in the coastal area, close to the

rupture zone, suitably fit the measured vertical

variations and could have produced EW horizontal

displacement of ca. 2 m in the main cordillera, where

the CCVC is located. Following this analysis,

displacements sufficiently large to reactivate shallow
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structures and to trigger the CCVC eruption seem

plausible.
4. 1960 fissure CCVC eruption

The isolated area where CCVC is located made

the direct observation of the 1960 eruptive cycle

difficult. In addition, because of the fatalities and

the huge damage caused by the earthquake itself,

there were few recorded reports of the eruption.

Nevertheless, the reviews of newspaper articles,

technical reports (Veyl, 1960; Saint Amand, 1961;

Casertano, 1962; Katsui and Katz, 1967), an

unpublished thesis (Moreno, 1977) and new precise

geomorphologic field observations, have allowed its

characterization.

The 1960 eruptive cycle (Table 1) occurred on a

ca. 5.5-km long N1358 fissure located near the SW

margin of the CCVC and was formed by two sub-

parallel segments. Each of these segments has

secondary alignments oriented N160–1658. Twenty-
one identifiable vents emitted pyroclastic ejecta and

lava flows of rhyodacitic composition (68.9–70.01%

SiO2) with a ca. 0.25 km3 of DRE volume. The

eruptive cycle began on May 24th (09:00 h GMT),

38 h after the main shock of May 22nd, starting
Table 1

Summary of 1960 eruptive cycle

May 21st

(10:03 GMT)

Foreshock in the north end of

rupture zone of 1960 earthquake

May 22nd

(19:11 GMT)

Main shock of 1960 earthquake

Stage 1 May 24th

(09:00 GMT)

Subplinian phase on N135 alignments:

pyroclastic ejecta from Gris and

Azufral craters

Stage 2 May 26th? Effusive phase on N135 alignments:

rhyodacitic lava from Gris, NE1 and

Azufral craters

Stage 3 June? Effusive phase on N165 alignments:

rhyodacitic lava from NE2 to

NE8 vents; rhyodacitic lava from Gris,

NE1 and Azufral craters continued

June Effusive ongoing phase

July? Quiescence period

pre-July 22nd Renewed pyroclastic phase: ballistic

ejecta from Gris and Azufral craters

post-July

22nd–present

Quiescence period/Solfataric and

microseismic activity

Fig. 3. (a) Aerial photograph of the 1960 eruptive cycle in the

CCVC (P. Saint Amand in Casertano, 1962). This picture, taken

toward the southwest, shows the Gris crater in close-up view and the

coeval water vapour columns through northeastern vents (NE2

NE3) during the third eruptive stage. (b) Current aerial view of E

Azufral crater, NE0 and NE1 vents with a still active solfatara, 44

years later.
;

l

with an explosive subplinian phase and the for-

mation of an eruptive dmushroom-likeT column

about 8 km high, together with the emission of

water vapour from other vents along the fissure

system. The most active centre in this phase (stage

1) was the Gris crater (Figs. 2 and 3), followed by

El Azufral crater (Fig. 2), both at the tips of the

fissure. The pyroclastic plumes were dispersed

toward the southeast forming a white pumice

deposit with thickness up to 10 cm at 30–40 km

of the Gris crater. An accumulation of dbread crustT
bombs and coarse lapilli pumice around the Gris

crater formed a low aspect ratio pyroclastic cone.
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An effusive phase, with emission of aVa and blocky

rhyodacitic clinopyroxene and Fe-olivine lava flows

followed the previous stage. The first blocky lava

flow was produced by NE1 crater (Fig. 2), followed

by the coeval flows from the Gris and El Azufral

craters. The eruptive vents evolved to a N160–1658
(stage 3) alignments (NE2 and NE4 vents), as the

first phase culminated. A compound aVa lava flow,

fed from NE5 craters, was emplaced toward the SW

of the fissure. As these vents were sealed by

viscous lava flows, a quiescence period followed

and renewed activity started with an explosive

phase characterized by the accumulation of dbread
crustT bombs (0.5–1.0 m diameter) around the Gris

and El Azufral craters, apparently the only active

ones during this latest phase. Ballistic ejecta cover a

coarse lapilli pumice-fall deposit that represents the

proximal facies of an eruptive column during the

last phase, which ended on July 22nd after 2

months of activity.
Fig. 4. Geomorphologic map of 1960 fissure in the CCVC and a
5. Morphometric analysis

To better understand the structural conditions

during each eruptive cycle, we measured such

morphometric parameters as vent alignments, elonga-

tion axes of pyroclastic cones and craters, cone

breaching or collapse directions (Fig. 4) and then,

we interpreted them within the context of existing

analogue models (e.g.,Tibaldi, 1995).

The alignment of the major craters along the N1358
direction arises as a first order feature. All vents lie on

a ridge which flanks slope 40–508 southwest and 10–

208 northeast, the axis of which parallels the align-

ments of larger emission centres and postglacial

rhyolitic domes. The elongation of Gris pumice cone

is parallel to the main direction (1358) and the crater

elongation of major vents (Gris and El Azufral), as

well as their internal depressions, is parallel to both the

main N1358 and the secondary N160–1658 directions.
All the emission centres without open craters are
ttached values for morphometric parameters. Key as Fig. 2.
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aligned in N160–1658 direction (Fig. 2). The breach-

ing directions are usually orthogonal to the vent

alignments and to the elongation of the corresponding

craters. Those located on the main N1358 alignment

are open toward the south or southwest. The main

exception is the Gris crater, the opening of which is

toward the west. However, the centres located in

N160–1658 alignments, on the internal flank of the

ridge (NE2; NE4), are open toward the northeast or

constitute only fissures without individual craters.
6. Structural analysis

In the absence of data gathered from direct

instrumental monitoring, we used the morphologic

characteristics of the vents to rebuild the structural

conditions during the eruptive cycle. Traditionally,

authors such as Nakamura (1977) have considered

that the alignment of volcanic centres to be parallel to

the maximum horizontal stress (rhmax). Assuming that

the volcanic centres are the surface expression of near

vertical feeder dikes, the r3 (minimum stress axis)

should be horizontal (and perpendicular to the dikes)

with rhmax corresponding to r1 or r2 (Emmerman

and Marrett, 1990). If rhmax corresponds to r2, the arc
tectonics is extensional; if rhmax corresponds to r1
(with r3 lying on the horizontal plane), the arc

tectonics is strike-slip. The focal mechanism deduced

by Cifuentes (1989) for 1960 thrust earthquake (Fig.

1) and the related coseismic deformation (Plafker and

Savage, 1970) suggests that r3 was E–W, and

therefore, rhmax would have been NS. If rhmax

corresponds to r2 or r1 is hard to constrain. Never-

theless, the small amount of shortening near the N–S

direction recorded in the geodetic network after the

1960 earthquake (Plafker and Savage, 1970), the

absence of N–S normal faults at the first eruptive

stage and the parallel array of secondary fissures

suggest a horizontal N–S r1 and then, a strike-slip

stress regime. The latter is different to the widespread

Quaternary transpressional setting of the entire vol-

canic arc described by Lavenu and Cembrano (1999)

for Southern Andes.

On the other hand, recent works show that volcanic

alignment parallel to rhmax is only the simplest

scenario, applicable primarily to isotropic materials

showing, for example, good correlations in flank
cones on stratovolcanoes (e.g., Delaney et al., 1986;

Emmerman and Marrett, 1990; Lister and Kerr, 1991;

Glazner et al., 1999). Nevertheless, ancient faults

could act as ascent pathways for magmas modifying

the geometry of volcanic alignments and their

morphological features. The faults related to volcanic

vents are commonly blind but analogue models

developed by Tibaldi (1995) show good empirical

correlation between several morphologic parameters

of the cones and craters (alignment, breaching

directions, elongation of crater and cone base) and

the geometry of the underlying fault plane. This

relationship is stronger if the elongation of craters is

considered, together with the ellipticity of the cone

bases and of the nested craters. The relationship is less

evident with respect to the displacement of the faults

or the stress regime (Tibaldi, 1995) although there is a

good correspondence of normal faults to perpendic-

ular breaching directions of the cones and strike-slip

faults to parallel breaching directions. Then, vent

morphometry is not enough to interpret the state of

stress of a region, but it provides some insight into it

in absence of direct measures. Applying Tibaldi’s

results, we can assume that the 1960 fissure eruption

was controlled by a structure composed of two

subvertical bent segments in which concavity to the

northeast suggests a slight northeast dipping geome-

try. In addition, some breaching directions oblique to

the fissure could be related to an early shear-exten-

sional condition (oblique opening) at the first eruptive

stage while they suggest almost pure extensional

behaviour (orthogonal opening) at the final effusive

phase. The breaching direction of the Gris crater, the

first active one and the largest of the entire eruption,

may indicate the sense of the oblique displacement at

the early stage of the eruptive cycle (Fig. 4). In

addition, on the near N160–1658 segments (stage 3),

small normal fault scarps can be observed. Then, we

can assume that, despite the topographic conditions,

the geomorphological criteria provide some partial

information about the coeval state of stress. In the

CCVC, the main 1960 crater alignment (N1358) is

parallel to a chain of postglacial domes so that the

prior topography was constrained by the position of

their feeder dikes and the overall Holocene vents lie

on the western scarp of the graben which coincides

with the trace of a regional fault (Rı́o Iculpe fault).

Thus, from the geodetic data and the strain model of
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Barrientos (1994) together with the morphometric

analysis, we can assume that the underlying fault was

an ancient reactivated structure, at least at the first

eruptive stage. For proposing a dynamical model, we

appeal to some concepts derived from the theory of

fractures and hydraulic fracturing. If the propagation

of strain from the coastal zone toward the interior of

the continent during the earthquake actually occurred

as Barrientos (1994) calculated (Fig. 5), then the

CCVC area was affected by an E–W extension with

small N–S contraction defining a strike-slip regime, as

it was stated before. Then, the instantaneous stress

axis would be E–W (r3) and N–S (r1=rhmax).

Following the simple model proposed by Byerlee

(1978) and Sibson (1985), improved after by Ivins et

al. (1990), Yin and Ranalli (1992), Huyghe and

Mugnier (1992) and Morris et al. (1996), an oblique

NW structure (N1358) is moderately well oriented

for a reactivation with an angle of hr=458 from r1.
This conclusion is confirmed by a quantitative

analysis made throughout a software developed by

Tolson et al. (2001) that considers other physical

conditions for reactivation. The optimal angle of

reactivation (angle between the maximum stress axis
Fig. 5. Deviatoric strains for coseismic deformation calculated by

Plafker and Savage (1970) from a geodetic triangulation along the

Central Valley of Chile, in front of the rupture zone of 1960

earthquake. Circles are proportional to the amount of extension

(adimensional scale bar for 5�10�6 strain for reference); orthogonal

contraction at the same scale.

Fig. 6. (a) Effective stress diagram (modified from Sibson, 1985)

showing the way of eruptive cycle and the structural conditions from

reshear (stage 1 to stage 3). (b) Mohr diagram (shear stress [s] agains
effective normal stress [rn] normalized to tensile strength [T]) with

composite failure envelope for intact rock, reshear condition (Sibson

1985) for a cohesionless fault and possible macroscopic modes of

brittle failure at stage 1, stage 2 (shear-extensional; oblique opening)

and stage 3 (extensional-shear, orthogonal opening). Decreasing and

increasing effect of fluid (magma) pressure is indicated. Stage 1

correspond to a critical condition but dashed line circle shows a more

general scenario for the first stage where all planes between 0 and 2h
(grey shaded) could be reactivated. Sketch below shows the evolution

of the fissure (see text for details). Black arrows indicate ongoing

tension (r3) and grey arrows correspond to compression (r1)
according to geodetic data (Plafker and Savage, 1970).
t

,

and the fault plane) is hr=26.58 for a coefficient of

static friction l=0.75 (Fig. 6a; Sibson, 1985). We

stated for the 1960 earthquake that in the horizontal
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plane, r1=rhmax is N–S and r3 is E–W. In the case

of 1960 eruption, the condition of reactivation would

be reached with a ratio of effective stress of r1V/r3V
near 7 (with r1V=r1�P; r3V=r3�P with P being

the fluid pressure and l=0.75) (Fig. 6b). This

condition can be reached more easily with small

values for the coefficient of static friction and the

presence of a fluid pressure, a typical feature in an

active geothermal field. Other physical conditions, as

the depth, were considered by Tolson et al. (2001).

Then, assuming a linear relationship between stress

and strain, we can obtain a maximum value for r3 of

�4 MPa if we consider a 40�10�6 strain as

Barrientos (1994) calculated and a Young modulus

of 1�1010 Pa (Turcotte and Schubert, 1982).

Barrientos (1994) only considered the main contri-

bution of displacement in E–W direction over the

thrust plane for the strain propagation. Nevertheless,

the weak N–S compressive stress increases the

dextral shear component over the NW fault. Fig.

6b shows a major Mohr’s circle that does not reach

the Navier–Coulomb envelope for fracture intact

rocks. For this non-optimum state of stress, faults

with 0bhrb608 (0b2hrb1208) could be reactivated

depending of their cohesion. At the second eruptive

stage, the stress drop and the magma injection along

the fault plane would favour the condition for

extensional-shear allowing magma drainage to the

surface. The arrest of the dyke could increase the

fluid pressure favouring new, near pure extensional

hydraulic fractures. The dynamic solution would be,

initially (stage 1), the reactivation of a NW fault as a

dextral shear-extensional failure. However, once the

magma occupies the fissure and the explosive phase

of the eruptive cycle begins, the pressure drops

allowing effusive magma drainage (stage 2) and after

a quiescence period, the conditions would vary until

they allow the generation of a new, near pure

extensional failure, this time near parallel to the

rhmax of NS direction as an hydraulic (magma)

fracture (Stage 3; Fig. 6b).
7. Discussion

An instrumental analysis of the instantaneous

coeval deformation during an eruptive cycle is the

only way to directly constrain the feasibility of the
morphologic and structural analysis commented

herein. Therefore, our analysis is based on inferences

and the argumentative line is robust but speculative.

On the other hand, the studied event represents a

unique case in the geodynamic context of the SSAVZ

(37–468S) of the Andes and the kinematics consid-

erations cannot extend to the dnormalT state of the

volcanic arc. In fact, the microtectonic analysis

(striae) of mesoscopic structures and focal mecha-

nism of crustal earthquakes suggests opposite con-

ditions of strain (dextral N–S transpression in the

volcanic arc as a whole, with dextral strike-slip in the

Liquiñe–Ofqui Fault and sinistral strike-slip in NW

structures (e.g., Assumpçao, 1992; Lavenu and

Cembrano, 1999), that would have been reversed

during the 1960 earthquake.

7.1. 1921–1922 eruption

A point of additional conflict is indicated by the

December 1921–February 1922 fissure eruption. That

eruption also produced rhyodacitic lava flows (68–

71% SiO2) with vents aligned on a NW fissure joined

with the ring faults inside the Cordillera Nevada

caldera. Nevertheless, in December 1921, there was

no record of any noticeable earthquake in the region

and that eruption should be assumed as an event that

took place during the dnormalT stress regime of the

volcanic arc. However, the expected extensional

fractures in the dextral–transpressional regime must

be in NE direction. Then, local deviations of a

complex stress field or a fluid pressure-controlled

behaviour of the magma ascent giving a non-

Andersonian setting can be assumed as well. So, as

in other natural phenomena, similar effects can be

obtained from different causes.

7.2. dValveT faults and seismic pumping

The application of the reshear criterion of Byerlee

(1978) and Sibson (1985) raises additional questions.

For example, the coseismic deformation during the

1960 earthquake found other volcanic alignments that

had an equivalent orientation (hr=458) to the reshear

criterion. In fact, NE–SW-oriented structures that

align the monogenic cones at Carrán–Los Venados

(408S) or Antillanca (418S) groups are located only

about 10 km north and south of the CCVC,
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respectively. In an even more favourable orientation

for reactivation would be the Liquiñe–Ofqui Fault,

which parallels the Chile–Peru trench and the

expected maximum horizontal stress. Nevertheless,

both types of structures did not demonstrate reactiva-

tion during the 1960 event. We suppose then that

these faults were sealed and would act like dvalvesT
(Sibson et al., 1988) by dynamic loading during other

types of seismic events such as those that characterise

the current stress field as a dextral transpressional

regime (e.g., Chinn and Isacks, 1983; Barrientos and

Acevedo, 1992). So, we propose that the NW–SE

fault systems, where the CCVC is located, are

regionally favourable to steady-state magma transport,

storage and their subsequent differentiation, an idea

enunciated before in other terms by Cembrano and

Moreno (1994). Thus, the magma is maintained in the

upper crust levels, where the faults could act as

dpumpsT (Sibson et al., 1988) during seismic events.

In that way, the upper level processes (fractional

crystallization; hydrothermalism) would increase the

fluid pressure near the structure facilitating its

reactivation and the renewal of the magma ascent.

7.3. Remote seismic triggering of seismicity and

volcanism

The relationship between distant earthquakes,

remote remote seismicity and volcanic eruptions has

been analysed from different perspectives. From a

statistical approach, Blot (1965), Acharya (1982) and

Linde and Sacks (1998) studied data collections of

major subduction (thrust) earthquakes and volcanic

eruptions with contradictory results. Despite the

biased sample method, Blot (1965) and Acharya

(1982) conclude an unidirectional relation from big

eruptions to earthquakes. On the other hand, Linde

and Sacks (1998) proposed a causal relationship

between MwN7 earthquakes and eruptions in a radius

of 250 km from the seismic source based on a bubble

rising model for propagation of dynamic stress.

Nevertheless, these authors neglect the pair earth-

quake-eruption discussed herein, maybe the clearest

example of a causal relation between this type of

events. A more complete revision of earthquake

interactions was published in a special issue of the

Journal of Geophysical Research (Stress triggers,

stress shadows, and implications for seismic hazard,
1998, V.101, No.B10). There, several papers (e.g.,

Harris, 1998; Toda et al., 1998; Harris and Simpson,

1998; Nostro et al., 1998) demonstrate Coulomb

stress change and other methods for a calculation of

dynamic and static stress over active fault as

consequence of an earthquake. Although we do not

have any seismic parameter of the shear-extensional

or extensional faults in the CCVC eruption, the strong

spatial and time relationship between the thrust

earthquake and the fissure eruption can be analysed

as a consequence of dynamic stress propagation.

Dynamic strain could be translated to static strain, at

local scale, by rectified diffusion (Brodsky et al.,

1998) increasing magma pressure that allows reshear-

ing of an ancient fault. In this conceptual framework,

the brittle failure theory helps to understand the

geometry and evolution of this special but unknown

fissure eruptive event.
8. Conclusions

Almost 2 days after the largest instrumentally

recorded earthquake registered in the world, in May

1960, a noticeable fissure eruption of rhyodacitic

magma took place in the CCVC, ca. 240 km to the

east of the rupture zone. The dynamic stress and the

general extension propagated toward the continent as

a result of the thrust in the subduction zone would

have favoured the structural conditions for the

evacuation of magma stored in a shallow reservoir.

The presence of remarkable NW structures, oblique to

the margin, which is typical of the SAVZ and

particularly of the CCVC, necessarily forces one to

look for a mechanism to explain their reactivation as a

response of the whole structural system. In addition,

in 1960, new structures were not generated in other

places of the volcanic arc, according to the direction

of the E–W extension inferred from the geodetic

record. Besides, in the CCVC, the fluid pressure

increased by the presence of silicic magma near the

surface would have facilitated the reactivation of the

NW structure, moderately well oriented for the

displacement. Hence, the eruptive cycle would have

begun by dseismic pumpingT of magma after a dextral

shear-extensional displacement of the NW structure as

a consequence of a strike-slip regime. After the

blockage of first displacement (E–W opening), the
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deformation continued with the opening of NNW near

pure extensional failure, this time nearly parallel to the

expected maximum horizontal stress as hydraulic

fractures. Although the lack of instrumental record

precludes possibilities to verify the inferences pre-

sented herein, the morphometric, structural and

volcanological analysis allows reconstruction of the

most likely prevailing structural condition during the

1960 fissure eruption. The causal relationship

described, although exceptional in the geodynamic

evolution of the western South American margin,

indicates the relevance of peculiar episodes in the

construction of the geologic record.
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