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Abstract

This paper aims to aid understanding of the complicated interplay between construction and destruction of volcanoes, with an emphasis on the
role of substrate tectonic heritage in controlling magma conduit geometry, lateral collapse, landslides, and preferential erosion pathways. The
influence of basement structure on the development of six composite volcanoes located in different geodynamic/geological environments is
described: Stromboli (Italy), in an island arc extensional tectonic setting, Ollagüe (Bolivia–Chile) in a cordilleran extensional setting, Kizimen
(Russia) in a transtensional setting, Pinatubo (Philippines) in a transcurrent setting, Planchon (Chile) in a compressional cordilleran setting, and
Mt. Etna (Italy) in a complex tectonic boundary setting. Analogue and numerical modelling results are used to enhance understanding of processes
exemplified by these volcanic centres. We provide a comprehensive overview of this topic by considering a great deal of relevant, recently
published studies and combine these with the presentation of new results, in order to contribute to the discussion on substrate tectonics and its
control on volcano evolution. The results show that magma conduits in volcanic rift zones can be geometrically controlled by the regional tectonic
stress field. Rift zones produce a lateral magma push that controls the direction of lateral collapse and can also trigger collapse. Once lateral
collapse occurs, the resulting debuttressing produces a reorganization of the shallow-level magma migration pathways towards the collapse
depression. Subsequent landslides and erosion tend to localize along rift zones. If a zone of weakness underlies a volcano, long-term creep can
occur, deforming a large sector of the cone. This deformation can trigger landslides that propagate along the destabilized flank axis. In the absence
of a rift zone, normal and transcurrent faults propagating from the substrate through the volcano can induce flank instability in directions
respectively perpendicular and oblique to fault strike. This destabilization can evolve to lateral collapse with triggering mechanisms such as
seismic activity or magmatic intrusion.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Volcanoes have the highest accumulation rates of surficial
geological features. Edifices as high as 2 km can be emplaced
within time spans on the order of 10 ka (Braitseva et al., 1995).
Volcanic landscapes can change at dramatically higher rates
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than other geological environments, due both to constructional
processes and destructional ones such as lateral collapses and
landslides. Volcanic debris avalanches resulting from lateral
collapse are the largest landslide events on Earth (McGuire,
1996), yielding deposits ranging from 1 km3 to 30 km3. Recent
findings show that at single large volcanoes, the occurrence of
multiple debris avalanches seems to be a common feature with 2
to 14 events during their lifetime (10–500 ka) (Beget and
Kienle, 1992; Tibaldi et al., 2005). In areas of high magma
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production, recurrence intervals of lateral collapse in a volcanic
complex can be on the order of 30 to a few hundred years
(Tibaldi et al., 2005). The occurrence of lateral collapses also
strongly influences the local geomorphology; for example,
damming of rivers with subsequent formation of lacustrine
environments, followed by periods of high sediment transport
along river segments, as observed after the 1980 eruption of
Mount St. Helens (Voight et al., 1981). Volcanic debris
avalanches can also cause the destruction of natural environ-
ments and urban areas, while destructive tsunamis caused by
volcanic debris avalanches from coastal and island volcanoes
are responsible for the majority of fatalities from this
phenomenon (Siebert, 1996). Increasingly intense rainfall and
melting of summit glaciers due to global climate change may
produce a greater incidence of such events, through increased
fluid circulation, loss of substrate cohesion, increased edifice
mass and destabilization of oversteepened slopes.

Lateral collapse is shown to occur in a direction perpendi-
cular to the trend of preferential dyking within a volcano, as
demonstrated by field studies, and numerical and analogue
modelling (Lipman et al., 1981; Moore and Albee, 1981;
Siebert et al., 1987; Tibaldi, 1996, 2001; Voight and Elsworth,
1997; Voight, 2000; Donnadieu et al., 2001; Tibaldi et al.,
2006). The orientation of a dyking zone, commonly defined as a
volcanic rift zone, is usually attributed to basement structure
(Nakamura et al., 1977; Walker, 1999). Other authors attribute
rift zones in large volcanoes to shallow-level volcano stress
distribution rather than basement structure (Fiske and Jackson,
1972). In the special case of a mechanically weak area of the
volcano basement, gravity sliding or volcanic spreading have
been proposed to control the formation of rift zones and the
subsequent structural evolution of the volcano (Borgia et al.,
2000a,b).

Depressurization caused by lateral collapse can in turn alter the
shallow magma feeder system, controlling the location and
configuration of new craters and dyke paths (Tibaldi, 1996, 2004;
Walter and Troll, 2003; Acocella and Tibaldi, 2005). Therefore,
magma injection and lateral collapse appear to be intimately
connected, both in terms of orientation and triggeringmechanism.

This paper aims to decipher the complicated interplay
between volcanic construction and destruction, with emphasis
on the role of substrate tectonic heritage in controlling the
geometry of magma pathways, lateral collapse, and preferential
erosion pathways. Recent published field and modelling studies
are combined with our new results, to provide a comprehensive
discussion. We would like to point out that wherever in the
present text data and observations are presented but no
bibliographic reference is provided, it is implied that these
data were collected by the present authors and are here
published for the first time. Large volcanic landslides pose a
significant risk to human settlements and other ecosystems, and
their incidence can be altered as a result of climate change. The
findings summarized in this paper will therefore support
assessment of volcanic hazards to human society and environ-
mental resources. Six volcanoes studied in the framework of an
International Lithosphere Program project, encompassing
different geodynamic, geological and natural environments,
provide data leading to our findings: Stromboli (Italy), located
in an island arc extensional tectonic setting, Ollagüe (Bolivia–
Chile) in a cordilleran extensional setting, Kizimen (Russia) in a
transtensional setting, Pinatubo (Philippines) in a transcurrent
setting, Planchon (Chile) in a compressional cordilleran setting,
and Mt. Etna (Italy) in a complex tectonic boundary setting.
Analogue and numerical modelling results simulating these
processes are used to enhance the field studies.

2. Field data on key volcanoes

2.1. Stromboli (Italy)

Stromboli is the northernmost volcano of the Aeolian Arc
(Fig. 1A) in the southern Tyrrhenian Sea. Stromboli Island
represents the emerged part of an active composite volcano, with
an elevation of about 2.6 km above the sea floor (Gabbianelli
et al., 1993), and located on a 20-km thick continental crustal
sector where NW–SE-directed extension occurs (Tibaldi, 2004;
Billi et al., 2006). The rock composition spans basaltic andesite to
shoshonite and to latite-trachyte (Hornig-Kjiarsgaard et al., 1993),
with the oldest exposed products dating back to about 100 ka
(Gillot and Keller, 1993) (Fig. 1B). Volcano growth was
repeatedly interrupted by three caldera collapses and five lateral
collapse events, followed by reorganizations of eruptive centres
(Pasquarè et al., 1993; Tibaldi et al., 1994) (Fig. 1C). Between 85
and 64 ka an initial summit caldera collapse was caused by
explosive eruptions. After a phase of cone growth, the SE flank of
the edifice was affected by a relatively small lateral collapse dated
between 35 and 26 ka. In the same time interval, a second summit
caldera collapse was caused by an explosive eruption that
produced extensive pyroclastic deposits; this was followed by
another phase of cone growth. The third summit caldera collapse
took place between 26 and 21 ka and a new cone grew from this
time until 13 ka, marking an important transition in volcanic and
collapse characteristics. From this time onwards, lateral collapses
only developed on the NW side of the volcano, alternating with
phases of cone growth. The collapses formed nested horseshoe-
shaped amphitheatres open to the northwest; the present-day
Sciara del Fuoco depression is the most recent one.

The deformation style accompanying the various growth
phases was primarily fracturing and intrusive dyke sheeting
along a NE-trending rift zone crossing the Stromboli volcano
summit (Fig. 1C). This orientation coincides with the strike of
regional faulting close to or beneath the edifice (Gabbianelli
et al., 1993; Billi et al., 2006). Within this rift zone, single sheets
strike between NNE and ENE. Relationships between the
unconformity surfaces of the various growth phases and these
sheets indicate that the NE-trending rift zone endured for the
volcano's entire history, with a migration of intrusive activity
northeast-wards along the rift. Only two growth phases were
accompanied by intrusions with a different geometry. The first
occurred before the oldest caldera collapse and was charac-
terised by formation of a N–S sheet swarm (64–36 ka). The
second different sheet geometry occurred after the oldest (13 ka)
lateral collapse towards the NW and was characterised by
sheeting parallel to the amphitheatre scarps of this lateral



Fig. 1. A. Location of Stromboli in the regional context of the southern Tyrrhenian sea and the Aeolian Archipelago. B. Simplified geologic map of Stromboli based on
geological surveys by A. Tibaldi. C. Structural sketch map. The volcano growth was repeatedly interrupted by caldera collapses in the time span 85.3–21 ka. Between
35 and 26 ka, a relatively small flank collapse developed towards SE. After 13 ka, four lateral collapses developed towards NW, alternated by cone growth phases. The
deformation system accompanying the various growth/collapse phases was primarily fracturing and intrusive sheeting along a NE-trending rift zone crossing the
volcano summit, but after 13 ka dykes mostly intruded along and within the NW lateral collapse zone and in the northeastern part of the NE–SW rift zone.
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collapse and along the NE-trending weakness zone. The same
geometry characterises the fracture systems.

A shifting of the intrusive/eruptive activity towards the
north-western volcano flank is another important change that
occurred after the development of the first lateral collapse
towards the NW at 13 ka. This shift is expressed by: 1) the
presence of eruptive centres and dykes younger than 13 ka
along the NE rift zone and in the north-western half of the
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volcano, and centres/dykes older than 13 ka in the southeastern
half of the volcano, and 2) a northwest shift, by some hundred
metres, of the main summit crater zone during Pleistocene to
Holocene times (Tibaldi, 2001).

2.2. Ollagüe (Bolivia–Chile)

Ollagüe is an active composite volcano located in the Central
Andes (21°18'S, 68°11'W, Fig. 2) at the boundary between the
Western Cordillera (Quaternary–Present magmatic arc; de Silva
and Francis, 1991) and the Altiplano–Puna plateau (crustal
thickness∼70 km; Schmitz et al., 1999). The substrate structure is
characterized by a series of NW-striking faults belonging to the
PastosGrandes–Lipez–Coranzuli system. These structures consist
of left-lateral strike–slip faults, often reactivated with extensional
motions (Riller et al., 2001; Acocella et al., 2007). These tectonic
features are well expressed in the dominant NW-trending
alignment of andesite–dacite composite volcanoes, rhyolite–
dacite ignimbrite-forming calderas and voluminous monogenetic
lava flows and domes (de Silva, 1989; de Silva et al., 1994), and
small basalt monogenetic scoria cones and lava flows (Davidson
and de Silva, 1992; Kay et al., 1994; Mattioli et al., 2006).

The long-lived (1.2 Ma — Present) Ollagüe volcano
(5868 m a.s.l.) has products ranging from few basaltic andesites
to mainly andesites and dacites, defining a high-K calc-alkaline
suite (Feeley et al., 1993; Feeley and Davidson, 1994; Wörner
et al., 1992; 2000). Investigation undertaken by the present
authors (Tibaldi et al., 2006) pointed out stratigraphic and
structural relationships, with new petrographic, geochemical
and 40Ar–39Ar geochronological data. The data outline the
evolution of Ollagüe, define multiple lateral collapse events,
and demonstrate a strict control by the substrate structures on
volcanic slope failures and the shallow magmatic system.
Ollagüe's' geological history is characterized by four stages of
volcano construction separated by three main events of cone
deformation and failure (Fig. 2) controlled by the regional NW-
striking extensional fault system underlying the edifice. The
deformation progresses from: a) downthrow of the SW sector of
the volcano (∼750 ka) along the NW-striking normal fault
propagating from the substrate; b) development of lateral
narrow collapses along the fault strike (∼450 ka), along which
fracturing and deformation focused and lateral and parasitic
eruptive vents concentrated; c) final catastrophic failure
(∼200 ka) of the SW sector. Two of these collapse events can
be correlated with debris avalanche emplacement: At the distal
(western) base of Ollagüe, two debris avalanche deposits crop
out with typical hummocky topography, a minimum area of
80 km2, an extent of 20 km from the volcano summit crater, and
an estimated volume of 1 km3 for the younger deposit (Francis
and Wells, 1988; Feeley et al., 1993; Clavero et al., 2004).

During the four stages of Ollagüe's growth, central vents
shifted SW, that is perpendicular to the NW-striking substrate
fault and along the axis of the older lateral collapse. At the end of
the second lateral collapse (∼450 ka), several lateral vents,
including the parasitic dacite lava domes/flows of La Celosa and
Chaska Orkho, developed on the lower slopes of the cone along a
NW-trending belt, sub-parallel to the NW-striking normal
fault and collapse scarps. Finally, the active Ollagüe edifice
(200 ka–Present) is characterized by lateral lava flows extruded
along the axis of the lateral collapse amphitheatre, and a range of
NW-aligned and SE-wards younging sub-terminal lava domes.
This NW-alignment of lateral vents suggests the presence of a
NW-trending feeder dyke beneath the volcano, intruded along the
substrate fault, which may have served as a principal conduit for
magma ascent and surface eruptions. In addition, the unbuttres-
sing due to the development of lateral collapses focused the
propagation of the dyke and the shifting of magmatic activity
within and around Ollagüe's collapse amphitheatre.

2.3. Planchon (Chile)

The active volcanic complex of Azufre–Planchon–Peteroa is
located in remote, steeply glaciated terrain on the crest of the
Chilean Andes along the active volcanic front at 35°15'S.
Dissection by glaciers and lateral collapse provide spectacular
exposure of this still-active volcanic system, and allows study of
stratigraphic sections and collection of samples with known
relative age (Tormey et al., 1989, 1995; Naranjo and Haller,
2002). From 35°S to 37°S, the Andeanmagmatic arc consists of a
NNE-trending volcanic front, a N-trending series of large
rhyolitic calderas and dome complexes extending approximately
30 km to the east (Hildreth et al., 1999), and a zone of extension-
related alkali basalt fields 50 to 100 km to the east of the volcanic
front (Bermùdez and Delpino, 1989). The volcanic front was
developed in a compressional stress regime as part of the
Mallargue fold and thrust belt from Miocene to Pliocene (Ramos
et al., 1996; Hildreth et al., 1999). The basement structures are
dominated by reverse faults striking approximately N–S.
Folguera et al. (2006a) have identified a series of Pliocene to
Quaternary back-arc extensional basins that, in the vicinity of
Azufre–Planchon–Peteroa, consist of the Las Loicas trough. This
feature intersects the volcanic front and appears to be partially
filled by eruptive products from the active volcanic complex. As
such, much of the development of the volcanic complex is likely
to have been in a compressional cordilleran setting (Hildreth et al.,
1999; Kay et al., 2005; Folguera et al., 2006a).

The volcanic complex is less than 0.55 Ma old and consists
of the long-lived polycyclic basaltic andesite to dacite Volcan
Azufre (69 km3), followed by the relatively short-lived basalt to
basaltic andesite Volcan Planchon (43 km3) and the more recent
Volcan Peteroa (Tormey et al., 1995; Fig. 3). Planchon is 6 km
north of Azufre, and its lavas are sheet-like and do not fill
obvious topographic features; there are also no intercalations of
sediment within the flow succession. It appears, therefore, that
flows were not channelized, the growth of the volcano was not
interrupted by glaciation, and the construction of Planchon was
rapid enough to prevent deep erosion during growth.

Approximately 9 ka ago (MacPhail, 1973), a 30° sector of
Planchon and part of Azufre collapsed to form a debris avalanche
that travelled 75 km west forming a hummocky deposit
approximately 10 km3 in volume known as the Rio Teno Debris
Avalanche (MacPhail, 1973; Davidson, 1974; Scott et al., 2001).
The lateral collapse depression is open to the west, perpendicular
to the major substrate tectonic structures in the region. The debris



Fig. 2. A. Geologic sketch map of the Central Andes, showing the main N–S-trending structural units intersected by the NW-striking Pastos Grandes–Lipez–Coranzuli fault system. The Ollagüe volcano rose at the
intersection between the active magmatic arc of the Western Cordillera and this transversal structural lineament. B. Geological map of the Ollagüe volcano, showing the four phases of volcano activity and the multiple
lateral collapses. Alignment of the volcanic structures and vents are either parallel with, or perpendicular to, the NW-striking normal fault that bisects the cone.
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avalanche deposit appears to preserve at least two distinct pulses
of flow, and shows grain-size gradation both laterally and
longitudinally. Based on the area excavated by the lateral collapse,
approximately 3 to 4 km3 of material was derived from the
volcanic edifice while the remainder appears to have been alluvial
deposits entrained during flow by bulking, greatly increasing the
volume and mobility of the debris avalanche.

In a geochemical study of this volcanic centre, Tormey et al.
(1995) documented that most basalt and basaltic andesite lavas
erupted from Planchon evolved at mid-crustal depths of
approximately 12 to 18 km. Just prior to the collapse, however,
a series of mafic lava flows indicate shallow-level fractional
crystallization and assimilation of shallow crustal wall rocks.
Although the depth cannot be constrainedwith certainty because a
lower water pressure would give a similar compositional trend, it
is likely to be within the upper 3 km of the crust (Tormey et al.,
1995). Although the development of a shallow magma body may
have led to lateral collapse and debris avalanche byweakening the
mechanical properties of the edifice, either through enhanced
hydrothermal activity ormelting of the summit ice cap, the data do
not prove this relationship.

After the collapse, a new edifice, Planchon II, developed
within the collapse amphitheatre, 1 km south of Planchon
(Fig. 3). The compositional variation of Planchon II basalt and
basaltic andesite lavas reverted to those indicative of mid-
Fig. 3. Geological sketchmap of the active volcanic complex ofAzufre–Planchon–Petero
polycyclic basaltic andesite to dacite Volcan Azufre (69 km3), followed by the relatively s
volcano. Note the shifting of the main volcanic centre of Planchon towards the south to f
crustal (12 to 18 km depth) evolution; these lavas are
compositionally indistinguishable from the early lavas of
Planchon. It is not clear whether the collapse caused the
cessation of shallow-level magma storage, but the post-collapse
lavas clearly erupted without the imprint of shallow-level
crystallization and assimilation.

The Planchon II edifice was rapidly dissected by landslides
and erosion, which mostly developed perpendicular to the
tectonically controlled N–S axis. Presently, the Planchon II
edifice is only preserved as ramparts of radially-dipping lavas.
Planchon II has a larger proportion of near-vent pyroclastic
deposits than Planchon; this structural weakness may have
contributed to the rapid destruction of the cone, in a similar way
to Stromboli (Tibaldi, 2001; Apuani et al., 2005a).

The most recent activity of the volcanic complex produced
Volcan Peteroa, which encompasses several scattered vents
along the north–south axis of Azufre and Planchon that have
erupted calc-alkaline andesites, dacites, and rhyodacites.

2.4. Kizimen (Russia)

Kizimen is a composite volcano (Shantser et al., 1991) located
in the Central Kamchatka depression (Russia) between the eastern
volcanic front and the northern volcanic zone (Fig. 4A). It is on
the edge of the southeastern flank of the Shchapinskiy graben, a
a, fromTormey et al., 1995. The volcanic complex is less than 0.55Ma and consists of
hort-lived basalt to basaltic andesite Volcan Planchon (43 km3) and the active Peteroa
orm Planchon II, towards the summit amphitheatre formed by the lateral collapse.



Fig. 4. A. Location of Kizimen composite volcano within the Central Kamchatka Depression, Russia (CKD). Thick black lines are active faults of the East Kamchatka
fault zone, white circles are active volcanoes. B. Geological sketch of the volcano and main faults. At the centre, extrusive domes and lava flows of cycle 4 of the
volcano growth are shown. Black thick lines with bars are active normal faults (bars on downthrown side). Topographic contour interval is 50 m. Thick dashed lines
border the upper parts of large flat bottomed valleys, likely of glacial nature, dammed by the volcanic cone. C. Schematic section showing the possible geometry of the
substrate offset by the main fault.

157A. Tibaldi et al. / Global and Planetary Change 61 (2008) 151–174
NNE-striking tectonic depression bordered to the east by WNW-
dippingmaster normal faults which belong to the East Kamchatka
fault zone and have a minor component of transcurrent motion
(Kozhurin, 2004). The footwall fault block, which constitutes the
graben shoulder and also the substrate of the volcano, is com-
posed of volcanic and volcano-derived sedimentary rocks of the
Upper Miocene Shchapinsky succession and of volcanic rocks of
Late Pliocene–Pleistocene age (Shantser et al., 1969).

New field data reveal a sequence of tectonic, erosion and
volcanic events that characterised the evolution of the area. The
areal distribution of the older rocks and their relationship to the
graben faults indicate that the formation and development of the
graben started in the Middle Quaternary. Widespread “roches
moutonnées”, glacial abrasion surfaces and deposits, and related
morphologic features along the fault scarps indicate that
erosional modification of the uplifted blocks took place pri-
marily during Late Pleistocene glaciations. These were followed
by the onset of volcanic activity in the Late Pleistocene that
formed Kizimen volcano. Since the entire volcano is crossed by
a fault aligned with the main fault bordering the graben
depression, it must be concluded that fault activity rejuvenated
after or during the volcano emplacement (Fig. 4).

Radiocarbon dating of paleosoils interlayered with explosive
deposits erupted from this volcano indicate that four main
cycles of volcanic activity occurred, each 2 to 3.5 ka in duration.
The onset of the first of these dates back to 11–12 ka ago. Each
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of the cycles started with high activity followed by decreasing
activity and then a generally quiet period. The duration of these
cycles corresponds to recurrence intervals of up to 3.5 ka
between faulting events on one of the main faults of the East
Kamchatka fault zone located north of this volcano (Kozhurin et
al., 2006).

The fault scarp passing through the volcano flank is 50 m (in
the northeast) to 200 m (in the southwest) high. These values are
lower than those measured along the fault in the substrate
surrounding the volcano, indicating that normal faulting here
started before volcano construction and then increments of
faulting occurred during the various growth stages. Although
Fig. 5. Map of Pinatubo volcano showing the present (inner hatched curve) and ancien
The Maraunot Fault intersects the northwest rim of the present caldera lake (From L
the fault tips on the volcano correspond to the zone where the
graben fault passes beneath the volcano edifice (Fig. 4B,C), it is
noteworthy that the fault trace on the volcano is curved in plan
view, with the concave side facing towards the NW. This fault
cuts lava flows from the initial stage of the fourth (last) cycle,
which lasted from about 3 ka to 1.9 ka. Younger lava flows of
the second stage of this cycle have been dated to about 1.1 ka;
since these flows did not reach the fault, it is difficult to
determine if the last tectonic motion along this fault post-dates
or pre-dates these very young lava flows.

Although part of the normal faulting appears to have
accompanied the volcano construction, no debris avalanche
t caldera (outer hatched curve) rims and major structural features of the volcano.
agmay et al., 2007).
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deposits have been found around this cone, indicating that
no lateral collapse has occurred in the history of the volcano.
The Kizimen case study demonstrates that: i) basement
faults can propagate through an entire volcanic edifice, and
hence basement-generated tectonic stresses do affect volca-
noes; ii) active faulting, even when associated with strong
earthquakes such as in the Kizimen area, is not sufficient to
trigger lateral collapse, unless a large enough magma intru-
sion is produced within the volcano (Tibaldi et al., 2006).
This will be further documented in the section devoted to
analogue modelling.

2.5. Pinatubo (Philippines)

Pinatubo is an active volcano located in the Philippines arc,
Luzon island. The basement is affected by a series of faults with
a dominant NW–SE strike. The younger fault movements,
Quaternary in age, are left-lateral strike–slip and localized along
the Philippines fault system (Aurelio, 2000; Pasquarè and
Tibaldi, 2003). The Quaternary tectonic state of stress, coeval
with the development of Pinatubo, has been characterized by
horizontal σ1 and σ3, consistent with a transcurrent setting
(Bautista et al., 1996). The 1991 Pinatubo eruption deposited 5–
Fig. 6. A. Geologic map of the Maraunot Notch area, Pinatubo Volcano, Philippines
between the lacustrine deposits and fault breccia. B. Northwestward view from withi
N35°–40°W and dips steeply, separating the intra-caldera sedimentary deposits (left
man, 1.53 m tall, standing near the trace of the Maraunot fault at the centre-right portio
event, the traces of the Riedel shears (dotted lines) of the Maraunot Fault (solid hea
shows scouring of the river channel, coincident with the trace of the Riedel shears i
6 km3 of debris and pyroclastic deposits (Wolfe and Hoblitt,
1996) on the volcano slopes, much of which has been
remobilized into large lahars in the following rainy seasons. A
vertical collapse of the eruption column, localized in part along
pre-existing faults, occurred on the volcano summit and left a
caldera 2.5 km in diameter that almost immediately began to
accumulate a 1.6×108 m3 lake (Lagmay et al., 2007 and
references therein). In this section, we will describe the
geomorphological and structural conditions that accompanied
the discharge of water from this lake and the erosion processes
which took place along the volcano flank.

By 2001, the water level inside the summit caldera had risen
to the Maraunot Notch, the lowest, northwestern portion of the
caldera rim. That year, a narrow artificial canal, dug into an old
volcanic breccia underlying the outlet channel of the Maraunot
Notch, failed to induce a deliberate lake breakout. In July 2002,
heavy rains caused the water to overflow naturally at the
Maraunot Notch. This discharge produced erosion of this part of
the caldera rim deepening the notch by 23 m, and as a
consequence releasing an estimated 6.5×107 m3 of lake water.
This water bulked up into lahars with a volume well in excess of
1.6×108 m3 that were the largest lahars ever to be generated by
Pinatubo since its eruption in 1991 (Lagmay et al., 2007).
. The Maraunot Fault zone strikes N40°W and is shown shaded over the contact
n the Maraunot Notch of a major slip plane of the Maraunot Fault, which strikes
block) from the brecciated andesitic unit (right block). For scale, encircled is a
n of the image. C. Aerial views of the Maraunot Notch before the 2002 breaching
vy lines) are evident in the Ikonos and aerial photos. D. The post-breach image
n the pre-breach image (adopted from Lagmay et al., 2007).



Fig. 7. Simplified geological map of Mt. Etna (Italy) showing the main structural features, including the three principal rift zones (NE, S and W) on the volcano and
highlighting the unstable eastern and southern flanks. The southern and eastern fronts of the spreading are evident from deformation of sediments on the southern margin of
Etna (Borgia et al., 1992, 2000a, b) and inferred from bathymetric data in the Ionian Sea (Borgia et al., 1992). RFS=Ragalna fault, MTFS=Mascalucia–Trecastagni fault
system, PFS=Pernicana fault system, TFS=Timpe fault system, VB=Valle del Bove. Inset map: AI=Aeolian Islands, HP=Hyblean Plateau, ME=Malta Escarpment,
MF=Messina fault system, ST=Sole thrust of the Appenine–Maghrebian Chain (rocks within the Chain are shown as Pre-Quaternary sedimentary rocks on the mainmap).

160 A. Tibaldi et al. / Global and Planetary Change 61 (2008) 151–174
From a geological–structural perspective, the Maraunot
Notch is controlled by the presence of the Maraunot Fault,
an active, northwest-striking, left-lateral basement fault
(Fig. 5). The fault's role in controlling erosion at the notch
is manifested in several important physiographic features. The
Maraunot Notch and the closest downstream channel into
which lake water drains coincide with the site of a pre-1991
channel, carved because rocks were rendered less resistant to
erosion by ancient tectonic movements along the Maraunot
Fault. The breccia that was eroded away by the 2002 breakout
is probably a landslide deposit that filled an ancestral
Maraunot valley, also carved in rocks weakened by faulting.
Thus, the Maraunot Notch is a relatively late physiogra-
phic expression that owes its existence to movements along
the Maraunot Fault (Fig. 6A,B). Pre-breaching images of
Pinatubo's northwest flank display lineaments that are
“Riedel” shears of a major left-lateral fault (Fig. 6C). These
lineaments helped to control the path taken by the water
released during the breaching. After the deep scouring, the
control of the Maraunot Fault on the morphology and
structural character of the northwest flank was exposed
even more clearly (Fig. 6D).
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The volume of the lake remaining perched 1 km above sea
level in the Pinatubo caldera is about 108 m3, and is thus
regarded as a flash flood and lahar hazard. The control of the
Fig. 8. A. Idealization of the system (substrate and volcanic edifice) for the key Stro
Fig. 1). Material properties from Apuani et al. (2005a). Boundary conditions and app
volcano and a flat water table coincident with sea level were considered. The conduit
magma pressure is applied in terms of both magmastatic and overpressure componen
magmastatic component along the feeding system. (1) and (2) indicate the areas at yie
evidence: (1) vertical deformation above 500 m with the development of a summit act
(3) a passive zone, indicating the possible emergence of a sliding surface at about −
overpressure component along the feeding system. (1) The NW slope shows retrogr
subject to tension; (3) submarine shallow instabilities develop.
Maraunot Fault on the morphostructure of the notch still has
major implications for such hazards. The notch and outlet
channel owe their existence to weakness caused by past activity
mboli site along a NW–SE cross-section, orthogonal to the main rift axis (cfr.
lied external forces are represented. Dry conditions for the subaerial part of the
trace is the bi-dimensional evidence of the NE-trending main rift zone, to which
ts. B. Plasticity indicators developed as a consequence of the application of the
ld. C. Displacement vectors due to the application of the magmastatic component
ive wedge with a vertical shear zone, (2) an outward horizontal deformation, and
500 m. D. Plasticity indicators consequent on the additional application of an
essive development of plasticization in the upper part, and (2) the Pizzo area is



Table 1
Material properties used in the numerical model (from Corazzato, 2004 and Apuani et al., 2005b)

DOMAIN Constitutive
model ⁎

Cohesion c
(Pa)

Friction
angle ϕ
(°)

Dilation
angle
(°)

Bulk volume γ
(kg/m3)

Tensile
strength
(Pa)

Modulus of
deformation Em

(Pa)

Poisson's
ratio ν

Bulk modulus K
(Pa)

Shear modulus G
(Pa)

Volcanic edifice MC 1.00E+06 35 0 1900 1.10E+04 2.00E+09 0.28 1.51E+09 7.81E+08
Basement E – – – 3000 – 6.00E+11 0.30 5.00E+11 2.31E+11

⁎ E=elastic; MC=Mohr–Coulomb equivalents from Hoek–Brown.
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along the fault. The plane of the Maraunot Fault, like those of
other strike–slip faults, is steeply dipping. Governed by that
tectonic fabric and accompanying structural weakness, the
slopes of the outlet channel are steep and, along with many
Fig. 9. Results of finite difference numerical modeling for the key Stromboli site, fo
lateral collapse, e.g. that of the Fossetta edifice (cfr. Fig. 2). On the left, NW–SE and
are presented (location in the upper right inset). For each of these, pre- and post-co
contours and principal stress tensors (negative values indicate compression). A strong
orientation. A closer view (lower right) particularly demonstrates the marked reor
compressive stress normal to the collapse surface. This local configuration favours
towards the depression, and is consistent with field evidence.
subvertical fractures, extend far above the channel floor, where
lateral scour by stream flow is also a concern. This situation
enhances the likelihood of channel-blocking landslides, lake
rises, and breakouts.
cusing on the reorganization in the stress distribution within the edifice after a
NE–SW cross-sections, respectively parallel and orthogonal to the collapse scar,
llapse stress configuration has been computed, in terms of both vertical stress
reorganization in the stress distribution occurs, both in terms of magnitude and

ientation of the stress tensors close to the collapse scarps, with the minimum
the intrusion of dykes parallel to the collapse scarps and dipping at high angles



163A. Tibaldi et al. / Global and Planetary Change 61 (2008) 151–174
2.6. Mt. Etna (Italy)

Mt. Etna is situated above the African–European plate
boundary on the eastern margin of the Sicilian continental crust,
a tectonic setting that imparts both structurally and lithologi-
cally complex discontinuities to the edifice substrate (Fig. 7).
The volcano, Europe's largest (rising to about 3350 a.s.l.) and
one of the most active, has arisen rapidly from a succession of
overlapping central vents and associated flank eruptions in
approximately the last 200 ka (Romano, 1982; Calvari et al.,
1994; Coltelli et al., 1994; Corsaro et al., 2002; Branca et al.,
2004). According to Lanzafame et al. (1997a), Barberi et al.
(2000) and Patanè and Privitera (2001) the stress and strain field
at Mt. Etna are homogeneous in the western sector at depths
greater than 10 km; in particular, the main compressive stress
and strain axes are almost horizontal and trending about N–S.
The complexity of Etna's tectonic setting is enhanced by the
fact that this N–S compressive regime in the lower crust
coexists with an about ESE–WNW extensional regime
(Monaco et al., 2005). The northern and western parts of the
volcano overlie and are buttressed against a pre-existing
topography developed in metamorphic and sedimentary rocks
within a southward-verging system of thrusted nappes, the
Apennine–Maghrebian Chain, at the southern margin of the
Eurasian plate. By contrast, the southern and eastern flanks of
the edifice overlie marine early Quaternary plastic clays that
accumulated in the foredeep created on the tectonically
depressed northern margin of the northward-dipping down-
going African plate (Lentini, 1982; Fig. 7). Field relationships
between the Apennine–Maghrebian Chain rocks and the early
Quaternary sub-Etnean clays indicate that thrusting continued
until at least mid-Pleistocene times (Lanzafame et al., 1997b).
Active regional uplift is indicated by outcrops of the early
Quaternary marine clays that occur up to several hundred metres
above sea level on the volcano flanks, and by Holocene reefs
that are being uplifted at a rate of about 2 mm/yr along the
Etnean coast (Firth et al., 1996; Rust and Kershaw, 2000).

From a structural perspective, the volcanic edifice of Etna is
characterised by the presence of the NE, N–S and W rift zones,
located in the upper part of the volcano slopes. These rifts are
characterised by a concentration of eruptive fissures, pyroclastic
cones, and main fracture systems. The more recent dykes and
historical fissure eruptions and fractures mostly occurred along
an arcuate zone, in plan view, passing through the volcano
summit and open eastwards. Along the eastern lower volcano
flank, the Timpe and Messina fault systems are of regional
importance.

Numerous studies have proposed large scale sliding of the
eastern and southern flanks of the volcano (Borgia et al., 1992;
Lo Giudice and Rasà 1992; Rust and Neri, 1996; Garduño et al.,
1997; Groppelli and Tibaldi, 1999; Borgia et al., 2000a,b;
Froger et al., 2001; Tibaldi and Groppelli, 2002; Acocella et al.,
2003; Neri et al., 2004; Rust et al., 2005; Corazzato and Tibaldi,
2006). The emerging picture is that the geological background
outlined above sets the scene for complex edifice instability
phenomena that are essentially unrecognised elsewhere. Most
notable is the long record of relatively slow and steady sliding,
albeit with limited accelerations associated with magma
pressure, particularly from flank eruptions (Acocella et al.,
2003; Rust et al., 2005). Movement on the northern boundary of
the unstable mass, the Pernicana fault, averages up to about
2 cm/yr (Tibaldi and Groppelli, 2002), while the south-western
boundary, the Ragalna fault, averages about 25% of this slip rate
(Neri et al., 2007). The variability in these rates reflects the
inhomogeneous nature of the instability, which presents a
nested pattern of movement in both map and cross section
views, with a series of basal detachments extending to a depth
of at least 5 km (Rust et al., 2005). The position and strike of the
Ragalna fault suggest that it is controlled by the rheological
contrast between the juxtaposed rocks of the Chain and the sub-
Etnean clays (Borgia et al., 1992; Rust and Neri, 1996; Fig. 7).

Finally, the Valle del Bove is a very large amphitheatre on the
eastern flank of the volcano. This feature is generally regarded
as being produced by a series of landslides feeding into debris
flows now preserved as the late-Pleistocene to Holocene
Chiancone sequence exposed on the coast east of Etna (Calvari
et al., 1998; Fig. 7). The Valle del Bove lies close to the junction
between the Timpe and Messina fault systems. The extent of the
downfaulting is suggested by the depth of the Chiancone fault-
bounded basin; this has been estimated as reaching 600 m on the
basis of gravity surveys (Rollin, 1996).

3. Numerical modelling

In recent years, numerical modelling has been applied to
volcano slope stability analyses, although this approach is still
less common than in non-volcanic environments. Depending on
the purpose, numerical modelling by finite difference codes
(Kelfoun, 1999; Hurlimann, 1999; Hurlimann et al., 2000b;
Apuani et al., 2005b), by distinct element codes (Zimbelman
et al., 2003) or by finite element codes (Sousa and Voight, 1995;
Russo et al., 1996; Hurlimann, 1999) have been applied. These
analyses were often coupled with limit equilibrium methods
(Voight et al., 1983; Iverson, 1995; Elsworth and Voight, 1996;
Voight and Elsworth, 1997; Elsworth and Day, 1999; Voight,
2000; Hurlimann et al., 2000a,b; Donnadieu et al., 2001; Okubo,
2004; Apuani et al., 2005b).

In this paper, numerical modelling has been applied to
enhance the understanding of general processes demonstrated by
field data. Stromboli is investigated here, with the following
goals. (1) Evaluate the control of substrate tectonics on the strain
field and instability by modelling the role of magma pressure
acting along a dyke swarm (whose surface expression is the rift
zone) consistent with the NW–SE tectonic direction of
extension. The geometry of this process guides the preferential
magma intrusion path and formation of rift-zones, as well as
controlling flank deformation and large-scale instability. (2)
Investigate and quantify the changes in the stress field within the
volcanic edifice once a lateral collapse has occurred, including
the implications for new magma intrusion paths. A finite
difference code (FLAC 4.0, Itasca) was used in our analysis.
Physical and mechanical rock mass properties, includingMohr–
Coulomb equivalent parameters (cohesion and friction angle)
and rock mass elastic parameters, were based on in-situ and
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laboratory tests summarized in Apuani et al. (2005a,b). We also
refer to these authors for the modelling procedures.

The model and the outcomes concerning goal (1) of this
study are presented in Fig. 8. The Stromboli system was
represented with a finite difference grid (Fig. 8A) encompassing
two main lithotechnical domains (substrate and volcanic
edifice). The analysis is carried out along a NW–SE cross
section passing through the Sciara del Fuoco depression and the
volcano summit, orthogonal to the main rift axis (Fig. 1).
Material properties have been used as reported in Table 1,
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choosing the intermediate “Lava-Breccia lithotechnical unit”
(Apuani et al., 2005a,b) to characterize the entire “volcanic
edifice”, with a Mohr–Coulomb constitutive model, while the
substrate was assumed to be a rigid body for which an elastic
constitutive model was chosen. Boundary conditions have been
introduced, fixing element freedom of movement equal to zero
at the base and side boundaries (black and white triangles). The
extent of the section was chosen so that boundary conditions do
not compromise the resulting stress–strain field in the area of
interest (box). External forces on the submerged slope of the
volcano, such as gravity and sea water load, have been applied.
Dry conditions for the subaerial part of the volcano, and a flat
water table coincident with sea level, were also modelled.

The trace of the conduit within the edifice, with a length of
2470 m, is the two-dimensional expression of the NE-trending
main rift zone. Magma pressure was applied in terms of both
magmastatic and overpressure components. The magmastatic
component, defined as the static component due to the mean
magma unit weight and the height of the dyke (Iverson, 1995),
has a triangular distribution. A maximum value of 3.15E7 Pa
was assumed for magmastatic pressure, based on considerations
of both magma unit weight (Barberi et al., 1993), its variation
and rock bridges (Corazzato, 2004). For the overpressure
component, ranges suggested for the overpressure component
by Rubin and Pollard (1987), Iverson (1995) and Delaney and
Denlinger (1999) were used to select a value of 2.5E6 Pa.

Fig. 8B presents plasticity indicators developed as a
consequence of the application of the magmastatic component
along the feeding system, with the development of areas at yield
stress. The displacement vectors (Fig. 8C) evidence: (1) vertical
deformation above 500 m with the development of an active
summit wedge with a vertical shear zone, (2) outward horizontal
deformation, and (3) a passive zone, indicating the possible
emergence of a sliding surface at approximately 500 m. Fig. 8D
shows the plasticity indicators resulting from the additional
application of an overpressure component along the feeding
system. The NW slope shows retrogressive development of
plasticization in the upper part (1), and the Pizzo area is subject
to tension (2). Shallow submarine instabilities also develop (3).

The results concerning the second goal of numerical
simulations are summarized in Fig. 9. NW–SE and NE–SW
cross-sections were analyzed, respectively parallel and ortho-
gonal to the collapse scar. For each section, the pre- and post-
collapse stress configuration has been computed, in terms of
both vertical stress contours and principal stress tensors
(negative values indicate compression). It is evident that after
lateral collapse, a strong reorganization in the stress distribution
occurs within the edifice, both in terms of magnitude and
orientation, on the order of several hundred metres from the
Fig. 10. Analogue modelling: A. Development of two opposing faults and sudden col
faults in the volcano's basement (modified after Vidal and Merle, 2000). B. Photograp
displacement. Sketch (lower frame) of surface features developed after 20 mm dis
obtained after a 2-cm displacement; map view (modified after Tibaldi et al., 2006). D.
with converging dip (modified after Tibaldi et al., 2006). E. Experiment using field pa
intermediate to acidic magmas of Ollagüe. The appearance of the cone after lateral co
edifice itself followed destabilization of the cone flank and further magma inflation i
deformation on the flank along strike from the upwelling dyke (modified after Tiba
collapse zone. In fact, an inflection in the contour lines (and thus
a decrease in vertical stress) is observed below the collapse zone
after the collapse event, following the debuttressing due to the
removal of large rock masses. A closer view (to the right in
Fig. 9) particularly illustrates the marked reorientation of the
stress tensors close to the collapse depression, with σ3 assuming
a position perpendicular to the collapse escarpments. This local
configuration favours the intrusion of dykes parallel to the
collapse depression and dipping at high angles towards it. This
result is consistent with field evidence, including those along
the NE-rift of Stromboli controlled by substrate structures.

4. Analogue modelling

Analogue modelling has long been used to reproduce
geological processes in the laboratory. We focus here on
experiments conducted by several authors to model volcano
instability caused by basement substrate heritage. Several
model results have been selected, and these may be grouped
in three categories: (1) examples of fault propagation from the
basement into the volcanic edifice, (2) examples of the role
played by the substrate in inducing volcano spreading and (3),
examples of the mutual relationship between dyke propagation
and volcano instability. Any experiment recreating natural
volcanic systems must be carried out with appropriately scaled
models (Hubbert, 1937; Ramberg, 1981), and a well-developed
scaling methodology for dimensional analysis and materials has
been established for experiments demonstrating volcano
deformation (e.g. Tibaldi, 1995; Merle and Borgia, 1996;
Vidal and Merle, 2000; Lagmay et al., 2000; Acocella, 2005).
We refer to these papers for detailed explanations of the scaling
procedure, methods and materials.

Several authors have used analogue modeling to investigate
volcano instability due to basement faulting (Tibaldi, 1995;
van Wyk de Vries and Merle, 1998; Lagmay et al., 2000; Vidal
and Merle, 2000; Merle et al., 2001; Wooller et al., 2003,
2004). We hereby provide examples of fault propagation from
the substrate to the volcanic edifice (category 1) that are
derived from the work by Vidal and Merle (2000), Norini and
Lagmay (2005) and Tibaldi et al., 2006. In the experiment
shown in Fig. 10A, vertical faults offset the basement and a
layered cone is used to simulate the presence of different rock
types. The simultaneous reactivation of the two vertical faults
in the basement (Vidal and Merle, 2000) generated two
opposing faults at the model surface (Fault I and II in Fig. 10A)
and a reverse fault whose presence was revealed by the tilting
of layers within the model cone. Fault II and the reverse fault
proved to be essential in destabilizing the cone flank, whereas
Fault I played a minor role.
lapse of a heterogeneous model cone due to the simultaneous reactivation of two
h (upper frame) showing development of superficial structures after 20 mm basal
placement (modified after Norini and Lagmay, 2005). C. Experimental results
Cross-section of the analogue cone showing the development of faults F1 and F2
rameters plus inflation with an inflatable bladder mimicking emplacement of the
llapse and debris avalanche development can be observed. Collapse in the actual
n the cone (modified after Tibaldi et al., 2006). F. Dyke intrusion in a cone; note
ldi et al., 2006).
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Another instance, that of basement transcurrent faulting
cutting across a modelled volcano (Fig. 10B), can yield well-
developed fractures in the cone interior, although outwardly the
edifice appears as a symmetrical cone, exhibiting concentric
contours when viewed on a topographic map (Norini and
Lagmay, 2005). Slight changes in the basal shape of the cone
induced by strike–slip movements can be restored by the
relatively faster resurfacing and reshaping processes from the
deposition of younger eruptive products. This may be of key
importance in terms of volcanic hazard assessment, since
concealed deformation could induce instability in volcanoes
and act as slip planes during lateral collapse events. Finally,
lateral collapses can occur in a direction slightly oblique to the
transcurrent fault strike.

When modelling (Tibaldi et al., 2006) deformation induced
in a volcano by basement inclined normal faults, magma
inflation and multiple flank deformation, experiments resulted
in the development of a main fault (F1) cutting across the upper
part of the cone below the summit crater and departing from the
substrate fault with the same dip (Fig. 10C,D). A second
curvilinear fault (F2) did develop from the substrate fault, but
with opposite sense of dip. Significant deformation of the cone
flank was recorded but no collapse occurred.

The effect of a shallow intrusion in the volcano's flank was
then simulated by intruding the cone with an inflatable bladder.
The case of no-previous structural destabilization, and the case
of previous structural destabilization due to single substrate
faulting, or repeated faulting alternating with cone growth, were
both modelled. As shown in Fig. 10E, upon initial inflation of
the bladder, a bulge (criptodome) formed in the central portion
of the flank. The response of the analogue cone to this intrusion
was the development of a catastrophic lateral collapse with a
debris avalanche. Lateral collapse of the model cone occurred
only when a shallow magmatic intrusion within the volcano was
introduced. Fig. 10F shows a dyke intrusion across a volcano
with consequent deformation along the fault strike, where the
fissure eruption should occur at the stage of interception of the
dyke with the topographic surface. A further outcome of these
analogue experiments is that volcano flank deformation is
enhanced if a previous flank destabilization occurred, inter-
spersed with new cone growth.

Examples of the role played by the substrate structure in
inducing volcano spreading (category 2), are taken from the
works of Wooller et al. (2004) and Walter et al. (2006). The
analogue basement, made of both ductile and brittle layers
(Fig. 11A) was raised on one edge to introduce a substrate dip,
above which the model cone was built. The resulting
deformation and spreading were then analyzed as dips were
increased. Another key role in triggering failure in downslope
spreading volcanoes is played by basal thrusting, produced
where a lateral constraint on ductile layers occurs (Fig. 11A).
Walter et al. (2006) investigated the deformation of large
volcanic edifices built by the coalescence of adjacent cones, by
reproducing the spreading of an edifice composed of over-
lapping volcanoes. The results illustrate the following two main
relationships between the spreading of overlapping volcanoes
and the geometry (Fig. 11B) of new rift zones: (a) Spreading
edifices of similar age that partially overlap tend to develop a
rift zone approximately perpendicular to the boundary of both
volcanoes, and this causes the two edifices to grow together and
develop an elongated topographic ridge. (b) Partially over-
lapping volcanoes of different ages that spread at different rates
form a rift zone that is parallel to their boundary, causing the two
edifices to structurally separate from each other.

Examples of mutual relationships between dyke propagation
and volcano instability (category 3), are taken from the works of
Acocella and Tibaldi (2005) and Walter and Troll (2003).
Acocella and Tibaldi (2005) used analogue experiments to
investigate how dykes propagate across a volcano with a lateral
collapse depression. The injections formed dykes that, away
from the collapse depression, became radial (Fig. 11C).
However, the dykes propagating near the collapse focused
towards the collapse sides, becoming sub-parallel to them,
indicating that the stress reorientation is due to unbuttressing.
Only the dykes formed along the collapse axis (passing through
the mid-line of the collapse in map view) were able to propagate
radially within the collapse area.

Walter and Troll (2003) studied how a creeping volcanic
flank may influence the evolution of rift zones. Their conclusion
is that three main types of rift zone configuration may develop
from an initially radial volcanic cone (Fig. 11D). Low
eccentricity of the creeping sector (Fig. 11E) produces dyke
intrusions along two curved axes tangential to the stable/
unstable interface. In contrast, strong eccentricity of the
creeping sector results in only one main tangential rift
(Fig. 11F), while other rifts remain poorly developed or
strike–slip faults develop. A diffuse dyke swarm is encouraged
(Fig. 11G) in the sliding direction if edifice deformation is
almost entirely by creep.

5. Discussion

Volcanologists have traditionally deciphered volcanic evolu-
tion by studying the physicochemical characteristics of the
eruptive products, which are tightly linked with the physico-
chemical evolution of the magma feeding systems (e.g. Tanguy
et al., 1997; Hobden et al., 2002). The volume of ascending
magma, intruded/erupted ratio, explosive/effusive ratio, and
lava rheology, are all parameters dependent on magma proper-
ties. More recently, it has been recognized that the geological,
geomorphological and structural evolution of a volcano can also
depend upon a series of feedback mechanisms occurring in the
uppermost crust, i.e. in the volcano substrate or volcanic edifice
(vanWyk de Vries and Borgia, 1996; Thouret, 1999; Borgia and
van Wyk de Vries, 2003; Tibaldi et al., 2006). The following
seeks to elucidate these feedback phenomena.

5.1. Substrate tectonics, rift zones and location of flank eruptions

In extensional regimes, it is widely accepted that magma
flow paths are linked to the regional tectonic stress field. This
type of stress regime produces brittle discontinuities perpendi-
cular to the least principal stress (σ3) through which magma is
transferred to the surface.



Fig. 11. A. Sketch of one of the possible slope-spreading processes, resulting from the introduction of a substrata slope to the analogue model. The downslope spreading of
volcano and substrata is illustrated: Deformation occurs downslope until lateral discontinuity of weak substratum, where a thrust fault develops. Deformation and thrusting
are confined to downslope sector (light shading), generating conditions for future lateral collapse (modified after Wooller et al., 2004). B. Sketch illustrating the two main
trends of rift zones on overlapping volcanic edifices. Left: perpendicular to the boundary of both volcanoes. Right: parallel to the boundary of both volcanoes (Modified after
Walter et al., 2006). C.Map view of an ideal cone with a collapse scar, showing the paths of dykes related to the distribution of stresses and the location of the collapse scar
(modified after Acocella and Tibaldi, 2005). D–G. Main types of rift zone configurations that may develop from an initially radial volcanic cone. See text for details
(modified from Walter and Troll, 2003).
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Both Stromboli and Ollagüe volcanoes are characterized by a
pre-lateral collapse stage during which a rectilinear volcanic rift
zone crosscuts the cone. At Stromboli regional extension is
NW–SE (Ferrari and Manetti, 1993; Tibaldi et al., 2003) and the
rift zone trends NE–SW, whereas at Ollagüe regional extension
is NE–SW (Feeley et al., 1993) and the rift trends NW–SE. In
both cases, thus, the rift zone trends parallel to regional normal
faults and perpendicular to the regional tectonic σ3. These data
suggest that the regional stress field can cause a preferred
orientation in rift zones channelling magma up to the summit
zone of the cone and feeder dyke swarms. In extensional
regimes, the regional stress field can control the structure of the
entire volcanic edifice. The analogue experiment with a dyke
intruding into a volcano offset by a normal fault (Fig. 10F),
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demonstrates that flank eruptions are expected at the intersec-
tion between the dyke and topography. Similar results were
suggested on a theoretical basis from Nakamura et al. (1977),
who showed that in many arc volcanoes island elongation and
rifts are parallel with the trajectory of motion of the plate on
which they are situated, suggesting that these rift zones are
tectonically controlled. Detailed study of the Azores and Samoa
also show the positions and orientations of rift zones to be
mainly tectonic in origin (Walker, 1999); more examples of
volcanic rift zones parallel to basement normal faults have been
found in Cappadocia, Turkey (Toprak, 1988), in the central
Mexican Volcanic Belt (Pasquarè et al., 1988) and in Iceland
(Takada, 1994). Seamounts aligned with basement faults also
imply some effect of tectonic features on eruption geometry
(Batiza and Vanko, 1983; Fornari, 1987). Our data thus,
integrated with these literature examples, suggest that in
extensional tectonic settings, inception and geometry of volca-
nic rift zones might be mostly controlled by substrate regional
tectonics.

In the other studied volcanoes located in transcurrent tectonic
settings (Pinatubo) or compressional cordilleran settings
(Planchon), rift zones have not been recognized before the
lateral collapse occurrence. In these cases, the regional tectonic
state of stress has been characterised by a horizontal greatest
principal stress (σ1). Similar situations are present, for example,
also at the Reventador (Tibaldi, 2005a) and Cotopaxi (Tibaldi,
2005b) volcanoes in Ecuador, at Galeras Volcano in Colombia
(Tibaldi and Romero-Leon, 2000) and at the Trohunco and the
Los Cardos–Centinela volcanic complexes in Argentina
(Folguera et al., 2006b; Miranda et al., 2006). These data
suggest that the lack of a clear rift zone might be due to a
regional tectonic σ1 acting in the horizontal plane, inhibiting the
formation of a volcanic rift. Hence, we believe that in trans-
current/compressional tectonic settings more studies are
necessary in order to understand the controls on the location
of flank eruptions.

Finally, in case of large volcanoes resting above a ductile
substrate, such as Mt. Etna which grew above clay sediments,
rift formation can be related to the build-up of a local
extensional stress field within the volcano by its weight (Borgia
et al., 1992). In fact, in the general case of a zone of weakness
underlying a volcano, gravity sliding or volcanic spreading have
been proposed to control volcanic rifting and structural
evolution (e.g. Borgia et al., 2000a,b); Fiske and Jackson
(1972) suggested that rift zones in volcanoes such as the
Hawaiian Islands do not generally coincide with basement
structures; in the latter case, volcano loading and related stress
distribution govern shallow rift formation.

5.2. Lateral collapses

The destructive power of volcanic lateral collapses was
dramatically demonstrated by the 1980 lateral collapse of
Mount St. Helens, in which 2.8 km3 of debris travelling at a
speed of 35 m/s (was spread over an area of 60 km2 (Voight
et al., 1981). Although collapse of volcanic cones is most
commonly associated with composite volcanoes (Ui, 1983),
catastrophic slope failure is not limited to steep-sided volcanoes
(Siebert, 1996). Massive slumps and debris avalanches are now
widely recognised on gently-inclined subaerial and submarine
volcano slopes in many basaltic volcanic islands. Examples
include the Hawaiian, Reunion, Tristan de Cunha, Canary,
Marquesas, and Galapagos islands (Lenat et al., 1989;
Chadwick et al., 1991; Holcomb and Searle, 1991; Moore
et al., 1994). Debris avalanches entering the sea can generate
destructive tsunamis, which cause most of the fatalities
associated with volcanic lateral collapse (Siebert, 1996).
These hazards emphasize the importance of understanding the
parameters governing the geometry and triggering of lateral
collapses, as discussed in this section.

5.2.1. The role of the volcanic substrate
Data from Mt. Etna illustrate the importance of the inherited

recent and currently active tectonic structures and substrate
geology in guiding collapse geometry. The generally south-
eastwards sliding direction and the steady-state sliding character
of the movement appear to be determined by a combination of:
1) the lithologic boundary between the flysch sequence
belonging to the Apennine–Maghrebian Chain and the
Quaternary marine clay deposits, and the resulting rheological
contrast, being orientated approximately normal to the sliding
direction, and 2) the unbuttressing of the eastern flank of the
volcano, where the Sicilian continental crust is truncated by the
Malta Escarpment and related structures. In outcrop the sub-
Etnean clays are pervasively affected by a network of
apparently conjugate fractures whose surfaces exhibit slick-
ensiding. Whether this is related to the sliding, or to late
thrusting of the Apennine–Maghrebian Chain rocks, or a
combination of both, is difficult to determine. However, these
small-scale structures do indicate that deformation in the clays
tends to be distributed, rather than localized along discreet
structures, a characteristic that can be expected to apply to a
greater extent in the subsurface where confining pressures and
water content promote distributed plastic deformation This
interpretation suggests that the distinctive stable sliding of Etna
arises from cohesion and frictional drag in the clays underlying
the unstable sector. By contrast, all the other cases studied in
this paper suggest that instability occurring entirely within the
volcanic edifice is likely to produce sudden and potentially
catastrophic movement as the elastic limit of the rocks is
exceeded, particularly since these relatively competent volcanic
lithologies are unlikely to exert a sliding effect on the moving
mass in the same way as the Etnean clays. If this analysis is
correct, it suggests that Etna may not be prone to the hazards of
deep-seated lateral collapse, although shallower failures within
the volcanics remain a threat.

At Stromboli and Ollagüe, the collapse direction is perpendi-
cular to the trend of dykes and of regional structures. In fact,
lateral collapses developed perpendicularly to the rift zones,
towards the NW and SE at Stromboli and towards the SW at
Ollagüe. The development of major lateral collapses in these
directions at Stromboli and Ollagüe can be interpreted as due to
the effect of dip of the substrate in those directions. Also, at Mt.
Etna, the Valle del Bove depression, as well as the sliding
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direction of the whole eastern flank, developed eastwards,
perpendicular to the main N–S orientation of the summit rift
zone. This is consistent with the results of previous studies
regarding extensional settings, where flank instability occurs on
the hanging wall after propagation of basement normal faults
across the cone, as here demonstrated by analogue modelling and
field data at Ollagüe. Along these extensional structures, intrusive
sheets can propagate exerting a lateral push on the volcano flank.
This magma push has been widely accepted to destabilize the
volcano flank (Siebert et al., 1987; Tibaldi, 1996, 2001; Voight
and Elsworth, 1997; Voight, 2000; Donnadieu et al., 2001). In the
case of transcurrent basement tectonics, analogue modelling also
indicates that collapse direction is mainly controlled by the
orientation of the fault, being slightly oblique to the fault strike
(Fig. 8B). With a compressional cordilleran setting (Planchon),
the lateral collapse direction is perpendicular to the dominantN–S
structural grain of the basement.

All these data suggest that in volcanoes where gravitational
spreading is absent, collapse geometry is controlled by base-
ment topography (i.e. the dip of the basement) and tectonics,
both directly in the case of normal or transcurrent faulting, or
indirectly through the formation of a tectonically-controlled rift
zone. As a consequence, active basement faulting can be used to
predict the volcano flanks prone to lateral instability, and the
direction of possible failure. In the case of spreading volcanoes,
analogue modelling suggests that rift zone formation and
instability leading to lateral collapse are primarily controlled by
the distribution of the weak substrate and the topographic
gradient (Walter and Troll, 2003). Consequently, the location
and orientation of potential lateral collapse can also be assessed
for these volcanic edifices.

5.2.2. The role of climate
Lateral collapses at extinct volcanoes are believed to be

triggered by seismic shaking and/or heavy rains with con-
sequent increase of water pore pressure (Tibaldi et al., 1995;
McGuire, 1996; Voight and Elsworth, 1997; Kerle et al., 2003).
Since most volcanic regions are located in humid environments
(e.g. Central America, Northern Andes, Alaska–Aleutian–
Kamchatka–Kurile belt, Indonesia, Philippines, New Zealand,
and most oceanic island volcanoes), the combination of rain and
seismic events can create the conditions for widespread
landsliding, as was observed during the 1987 Ms 6.1–6.9
earthquakes in Ecuador, when more than 2000 landslides were
triggered in the Reventador volcanic area (Tibaldi et al., 1995).
Therefore, the combination of endogenous and exogenous
processes can produce very hazardous conditions.

The sensitivity of landslide formation to water content and
ground saturation suggests that climate change is also likely
to affect the stability of volcanic environments in the future. It
is likely that those areas where climate change scenarios
predict more intense rainfall will be subject to a greater
incidence of volcanic landsliding. The sensitivity of more
temperate volcanic regions (e.g. Mediterranean area, Japan) to
this factor also suggests a potential climate-induced increase
in landslide hazard in these areas. Capra (2006) notes that
during the last 30,000 years, major lateral collapses have
occurred during periods of rapid deglaciation. Volcanoes with
existing summit glaciers may also be subject to a greater
incidence of landsliding and lahars as a result of global
warming. Melting of a stabilizing glacial cover increases the
water pressure in the summit deposits, and destabilizes over-
steepened slopes.

5.2.3. The role of magma pathways
Magma pressure strongly contributes to triggering lateral

collapse in active volcanic areas (e.g. Apuani et al., 2005b).
Several large lateral collapses have been triggered by magma
inflation in the cone (Elsworth and Voight, 1995; Iverson, 1995;
Elsworth and Voight, 1996; McGuire, 1996). Since magma
inflation occurs along dyke swarms (whose surface expression
are the rift zones) that can be geometrically guided by regional
tectonic fractures and/or stress fields, it follows that regional
tectonics might also control collapse triggering. At Planchon,
the development of a shallow magma chamber preceded the
lateral collapse, although it cannot be shown that the two were
causally linked.

Pathways of magma flow to the surface can change after a
lateral collapse. All the field examples considered here, as well
as analogue and numerical modelling, indicate that a migration
of dykes and eruptive centres can occur after lateral collapse. At
both Stromboli and Ollagüe, a rectilinear zone of magma
upwelling developed before the lateral collapse. Subsequently,
at Stromboli, dykes became re-orientated to align with the
Sciara del Fuoco collapse depression. The location of post-
collapse volcanic activity also concentrated along and within
the collapse depression at Ollagüe and Planchon. This
phenomenon was first described by Tibaldi (1996) as a general
process, whereas re-orientation of single intrusions was also
noticed at Mt. Etna by McGuire et al. (1990). Analogue
modelling experiments (Acocella and Tibaldi, 2005) suggest
that, if the intrusion starts within the depression, dyking will
propagate throughout it. On the other hand, if dyking starts
close to the depression but outside it, dyking will propagate
along the collapse scarps. Numerical modelling presented here
explains this pattern as both a rotation and a magnitude change
of stress tensors after a lateral collapse. Vertical stresses
decrease and rotate, with σ3 assuming a position perpendicular
to the collapse escarpments. This reorganization can therefore
be ascribed to unbuttressing of the collapse zone following
removal of the large mass of rock. Unbuttressing resulting from
the collapse depression itself can also affect the stress
distribution, and thus magma paths, on the order of a few
hundred metres from the active centre. Other authors demon-
strate that rift zones in volcanoes re-align following lateral
collapses and gravitational spreading (Tibaldi, 2001; Walter and
Troll, 2003; Tibaldi, 2004; Acocella and Tibaldi, 2005; Walter
et al., 2006; Münn et al., 2006). Since rift zones are structural
features where dykes preferentially intrude and eruptions take
place, it follows that lateral collapses and the location of
eruption centres are intimately linked.

If, instead of being distributed along a dyke swarm, magma
upwelling concentrates in one main conduit, a new cone can
grow within the collapse depression. This possibility is
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confirmed at Stromboli and Planchon, where the main central
crater zone migrated a few hundred metres after the lateral
collapse developed.

5.2.4. The role of volcano height
Finally, among the factors determining the likelihood of a

lateral collapse, we must also consider volcano height. At
Stromboli, each main collapse occurred when the cone reached
a similar altitude, on the order of 800–1100 m a.s.l. (3300–3600
above the sea floor). Ollagüe collapsed when it reached about
2000 m in height above the substrate, and Planchon when at
least 1600 m above the substrate. St. Augustine volcano, in
Alaska, collapsed laterally several times as it reached about the
same altitude (Beget and Kienle, 1992). If a critical height is not
reached, then only rare conditions, such as very large magma
intrusions, can induce collapse. This height control may explain
why Kizimen has not yet collapsed, since it has only very
recently reached an altitude of 1500 m. Kizimen does have a
substrate with a strong gravity gradient, due to offset along the
graben faults, but this has apparently not yet been sufficient to
induce lateral collapse. Notably, this is despite a series of large-
magnitude earthquakes following major faulting in the area
(Kozhurin et al., 2006). Kizimen does not show evidence of
dyking, since there are no flank eruptive centres or eruptive
fractures; suggesting that magma upwelling probably occurred
along a stable central conduit. Moreover, the mass of the
volcano itself has not been enough to impede vertical magma
upwelling, i.e. horizontal migration or internal segregation of
magma has not been favoured up to now. The role of substrate
tectonics in this situation could be important in triggering
eruptions, given the likely correlation between duration of
volcanic cycles and return period of fault movements.

5.3. Landslides and erosion

Volcanic regions are prone not only to hazards derived from
catastrophic lateral collapse events, but also to smaller
landslides, volcanic mudflows (lahars), and debris flows.
Considering the timescales of these phenomena, lateral
collapses can occur with a frequency on the order of 30 to a
few hundred years in a volcanic group with a high magma
production rate (Tibaldi et al., 2005), whereas landslides, lahars,
and debris flows have a much higher frequency. Except for
pyroclastic flows, lahars are the most devastating volcanic
processes on active volcanoes (Thouret, 1999).

Scott et al. (2001) note that, in general, catastrophic volcanic
debris flow avalanches and landslides are fundamentally related
to the presence of large volumes of structurally weak and
potentially water-saturated material underlying steep slopes at
high altitudes in tectonically active zones. All the volcanoes
described here are deeply dissected, even though they are all
young and active. Erosion processes at Stromboli, which is only
100 ka old, have exhumed the inner magma feeding system and
deeply dissected the flanks of the cone which have not been
affected by lateral collapses. The role of substrate tectonics in this
case could be important in triggering eruptions along Stromboli's
southern flank, where most rock mass removal has occurred
through surface landsliding and slow erosion. It is noteworthy that
these processes occur along the older NE–SW-trending rift zone
on Stromboli. At Ollagüe, deep, wide canyons have been
excavated by slow erosion processes along the northwestern
and southeastern cone flanks, that is, along the old NW–SE-
trending rift zone. At Planchon, lateral collapse and landslides
have exposed the inner core of the volcanic system while, at
Pinatubo, erosion as a result of water escape from the summit
caldera lake was guided through the Maraunot Notch, that is,
along a first order fault crossing the volcano. At Mt. Etna, large-
scale deformation at the lower eastern flank is linked with
movements produced along the rift zone. The formation of the
Valle del Bove, through a series of landslides and debris flows
(Calvari et al., 1998) could have been triggered by tectonic
movements along the Timpe and Messina fault systems. Relative
downfaulting by some 600 m on the easternmost flank of the
volcano, taking place on these structures, increases the potential
for gravity-driven collapses; as does periodic inflation and
oversteepening on the summit slopes of the volcano. Conse-
quently, the denudation processes that took place at Mt. Etna
appear to be characterised as a series of rapid debris flows
concentrated in a relatively short time span. In contrast, present
erosion in the Valle del Bove occurs at a very slow rate.

Finally, hydrothermal alteration of volcanoes can play a
fundamental role in guiding exogenous erosion processes; such
is the case for example at Ollagüe and Planchon. However,
hydrothermal activity is also controlled by the structures along
which fluids propagate. These structures can be tectonic in
origin, and thus linked to the substrate tectonic heritage, or they
can derive from the structural reorganization of a volcano
following a lateral collapse; events that are themselves typically
guided by substrate tectonics and/or subsurface rheology.

All the studied examples indicate that volcanic–tectonic
features such as rift zones, and tectonic structures such as faults,
directly control the extent, location and geometry of the zones
prone to landslides and slower erosion processes. Knowledge of
a volcano's structural history and that of its substrate allows
prediction of the locus of specific erosion processes.

6. Conclusions

The field examples given in this paper show that in com-
posite volcanoes not subject to gravity spreading, substrate
tectonic structures control pre-lateral collapse magma path-
ways, large lateral collapses, smaller landslide events, and
preferential erosion. The tectonic crustal stress state or the
presence of substrate fractures can determine the geometry of
volcanic rift zones, which in turn guide the direction of large
lateral collapse. In zones of active extension, tectonically-
controlled rift zones preferentially develop, as shown in the
case of Stromboli and Ollagüe. Also in a compressional cor-
dilleran setting like at Planchon volcano, the orientation of
lateral collapse can be controlled by the dominant substrate
faults. In all these cases, the orientation of the collapse is
normal to fault strike, and in turn depends on the general dip of
the substrate. Analogue and numerical modelling confirm
these data and interpretations.
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The field data presented here also show that erosion and
surface landslides can follow the strike of faults affecting
volcanic edifices or rift zones, giving rise to preferential zones
of degradation on the cone flanks and summit. In the case of
summit crater lakes, tectonics can guide the erosional breaching
of the crater rim with consequent production of lahars, as seen at
Pinatubo.

Once a lateral collapse occurs, the related debuttressing
produces a reorganization of the rift zone to produce a horseshoe-
shaped arrangement in plan view. This theory is confirmed by
analogue and numerical modelling, and by the field data at
Stromboli, Ollagüe and Mt. Etna. Migration of the main magma
conduit towards the collapse depression can occur after a lateral
collapse, as demonstrated at Stromboli, Ollagüe and Planchon.

When a weak substrate is present under a volcano, as at Mt.
Etna, long-lasting, deeply-rooted creeping phenomena can
occur, deforming a large sector of the cone. This deformation,
in turn, can induce more surficial landslides that propagate along
the destabilized flank axis.

In the absence of a rift zone, as seen in the Pinatubo area
affected by transcurrent faults, the propagation of the fault from
the substrate across a volcano can induce flank destabilization
oblique to fault strike. This destabilization likely evolves into
lateral collapse if other mechanisms are involved, such as strong
seismic motion or shallow magmatic intrusion.

The data presented here demonstrate clear relationships between
substrate tectonics and flank eruption, lateral collapse, and erosion.
Accordingly, detailed analysis of substrate and edifice structure
provides a fundamental component of volcanic hazard assessment.
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