The Stromboli Volcano
An Integrated Study

of the 2002-2003 Eruption







Geophysical Monograph Series

Including

IUGG Volumes

Maurice Ewing Volumes
Mineral Physics Volumes



Geophysical Monograph Series

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

Earth’s Climate: The Ocean—-Atmosphere Interaction
Chunzai Wang, Shang-Ping Xie, and James

A. Carton (Eds.)

Mid-Ocean Ridges: Hydrothermal Interactions
Between the Lithosphere and Oceans Christopher R.
German, Jian Lin, and Lindsay M. Parson (Eds.)
Continent-Ocean Interactions Within East Asian
Marginal Seas Peter Clift, Wolfgang Kuhnt, Pinxian
Wang, and Dennis Hayes (Eds.)

The State of the Planet: Frontiers and Challenges

in Geophysics Robert Stephen John Sparks,

and Christopher John Hawkesworth (Eds.)

The Cenozoic Southern Ocean: Tectonics,
Sedimentation, and Climate Change Between Australia
and Antarctica Neville Exon, James P. Kennett

and Mitchell Malone (Eds.)

Sea Salt Aerosol Production: Mechanisms, Methods,
Measurements, and Models Ernie R. Lewis

and Stephen E. Schwartz

Ecosystems and Land Use Change Ruth S. Defries,
Gregory P. Anser, and Richard A. Houghton (Eds.)
The Rocky Mountain Region—An Evolving
Lithosphere: Tectonics, Geochemistry, and Geophysics
Karl E. Karlstrom and G. Randy Keller (Eds.)

The Inner Magnetosphere: Physics and Modeling
Tuija I. Pulkkinen, Nikolai A. Tsyganenko, and Reiner
H. W. Friedel (Eds.)

Particle Acceleration in Astrophysical Plasmas:
Geospace and Beyond Dennis Gallagher,

James Horwitz, Joseph Perez, Robert Preece,

and John Quenby (Eds.)

Seismic Earth: Array Analysis of Broadband
Seismograms Alan Levander and Guust Nolet (Eds.)
The Nordic Seas: An Integrated Perspective Helge
Drange, Trond Dokken, Tore Furevik, Riidiger Gerdes,
and Wolfgang Berger (Eds.)

Inner Magnetosphere Interactions: New Perspectives
From Imaging James Burch, Michael Schulz, and
Harlan Spence (Eds.)

Earth’s Deep Mantle: Structure, Composition, and
Evolution Robert D. van der Hilst, Jay D. Bass,

Jan Matas, and Jeannot Trampert (Eds.)

Circulation in the Gulf of Mexico: Observations and
Models Wilton Sturges and Alexis Lugo-Fernandez (Eds.)
Dynamics of Fluids and Transport Through Fractured
Rock Boris Faybishenko, Paul A. Witherspoon, and
John Gale (Eds.)

Remote Sensing of Northern Hydrology: Measuring
Environmental Change Claude R. Duguay and Alain
Pietroniro (Eds.)

Archean Geodynamics and Environments

Keith Benn, Jean-Claude Mareschal,

and Kent C. Condie (Eds.)

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

Solar Eruptions and Energetic Particles
Natchimuthukonar Gopalswamy, Richard Mewaldt,
and Jarmo Torsti (Eds.)

Back-Arc Spreading Systems: Geological, Biological,
Chemical, and Physical Interactions

David M. Christie, Charles Fisher, Sang-Mook Lee, and
Sharon Civens (Eds.)

Recurrent Magnetic Storms: Corotating Solar

Wind Streams Bruce Tsurutani, Robert McPherron,
Walter Gonzalez, Gang Lu, José H. A. Sobral, and
Natchimuthukonar Gopalswamy (Eds.)

Earth’s Deep Water Cycle Steven D. Jacobsen and
Suzan van der Lee (Eds.)

Magnetospheric ULF Waves: Synthesis and

New Directions Kazue Takahashi, Peter J. Chi,
Richard E. Denton, and Robert L. Lysal (Eds.)
Earthquakes: Radiated Energy and the Physics

of Faulting Rachel Abercrombie, Art McGarr,

Hiroo Kanamori, and Giulio Di Toro (Eds.)
Subsurface Hydrology: Data Integration for Properties
and Processes David W. Hyndman,

Frederick D. Day-Lewis, and Kamini Singha (Eds.)
Volcanism and Subduction: The Kamchatka Region
John Eichelberger, Evgenii Gordeev, Minoru Kasahara,
Pavel Izbekov, and Johnathan Lees (Eds.)

Ocean Circulation: Mechanisms and Impacts—Past
and Future Changes of Meridional Overturning
Andreas Schmittner, John C. H. Chiang, and

Sidney R. Hemming (Eds.)

Post-Perovskite: The Last Mantle Phase Transition
Kei Hirose, John Brodholt, Thorne Lay, and

David Yuen (Eds.)

A Continental Plate Boundary: Tectonics at

South Island, New Zealand

David Okaya, Tim Stem, and Fred Davey (Eds.)
Exploring Venus as a Terrestrial Planet

Larry W. Esposito, Ellen R. Stofan, and

Thomas E. Cravens (Eds.)

Ocean Modeling in an Eddying Regime

Matthew Hecht and Hiroyasu Hasumi (Eds.)

Magma to Microbe: Modeling Hydrothermal Processes
at Oceanic Spreading Centers Robert P. Lowell, Jeffrey
S. Seewald, Anna Metaxas, and Michael R. Perfit (Eds.)
Active Tectonics and Seismic Potential of Alaska
Jeffrey T. Freymueller, Peter J. Haeussler,

Robert L. Wesson, and Géran Ekstrom (Eds.)

Arctic Sea Ice Decline: Observations, Projections,
Mechanisms, and Implications Eric T. DeWeaver,
Cecilia M. Bitz, and L.-Bruno Tremblay (Eds.)
Midlatitude lonospheric Dynamics and Disturbances
Paul M. Kintner, Jr., Anthea J. Coster, Tim Fuller-Rowell,
Anthony J. Mannucci, Michael Mendillo, and
Roderick Heelis (Eds.)



Geophysical Monograph 182

The Stromboli Volcano:
An Integrated Study
of the 2002-2003 Eruption

Sonia Calvari
Salvatore Inguaggiato
Giuseppe Puglisi
Maurizio Ripepe
Mauro Rosi

Editors

American Geophysical Union
Washington, DC



Published under the aegis of the AGU Books Board

Kenneth R. Minschwaner, Chair; Gray E. Bebout, Joseph E. Borovsky, Kenneth H. Brink, Ralf R. Haese, Robert B. Jackson,
W. Berry Lyons, Thomas Nicholson, Andrew Nyblade, Nancy N. Rabalais, A. Surjalal Sharma, Darrell Strobel, Chunzai Wang,
and Paul David Williams, members.

Library of Congress Cataloging-in-Publication Data

The Stromboli Volcano : an integrated study of the 2002-2003 eruption / Sonia Calvari ... [et al.], editors.
p. cm. — (Geophysical monograph ; 182)
Includes bibliographical references and index.
ISBN 978-0-87590-447-4
1. Stromboli (Italy)—Eruption, 2002. 2. Stromboli (Italy)—Eruption, 2003. 3. Volcanism—Italy—Stromboli. I. Calvari, Sonia,
1962-
QES523.S9S77 2008
551.210945'811—dc22
2008047928

ISBN: 978-0-87590-447-4
ISSN: 0065-8448

Cover Photo: Landslides after the tsunami of 30 December 2002 (courtesy of Istituto Nazionale di Geofisica e Vulcanologia, sezione di
Catania (INGV-CT)).

Copyright 2008 by the American Geophysical Union
2000 Florida Avenue, N.W.
Washington, DC 20009

Figures, tables and short excerpts may be reprinted in scientific books and journals if the source is properly cited.

Authorization to photocopy items for internal or personal use, or the internal or personal use of specific clients, is
granted by the American Geophysical Union for libraries and other users registered with the Copyright Clearance
Center (CCC) Transactional Reporting Service, provided that the base fee of $1.50 per copy plus $0.35 per page is paid
directly to CCC, 222 Rosewood Dr., Danvers, MA 01923. 0065-8448/08/$01.50+0.35.

This consent does not extend to other kinds of copying, such as copying for creating new collective works or for resale.
The reproduction of multiple copies and the use of full articles or the use of extracts, including figures and tables, for
commercial purposes requires permission from the American Geophysical Union.

Printed in the United States of America.



CONTENTS

Preface
Sonia Calvari, Salvatore Inguaggiato, Giuseppe Puglisi, Maurizio Ripepe, and Mauro ROSi ..............ccccccecveeueene.. ix

The Stromboli Volcano: An Integrated Study of the 2002-2003 Eruption—Introduction
Sonia Calvari, Salvatore Inguaggiato, Giuseppe Puglisi, Maurizio Ripepe, and Mauro ROSi .............cccccevcuvenecnne. 1

Section I: The Volcanic System of Stromboli

Geological-Structural Framework of Stromboli Volcano, Past Collapses, and the
Possible Influence on the Events of the 2002-2003 Crisis
Alessandro Tibaldi, Claudia Corazzato, Tiziana Apuani, Federico A. Pasquaré, and Luigina Vezzoli...................... 5

Volcanology and Magma Geochemistry of the Present-Day Activity: Constraints on the Feeding System
Antonella Bertagnini, Nicole Métrich, Lorella Francalanci, Patrizia Landi,
Simone Tommasini, and SANAIO CONEICEIT .......uunnneeeeeeeeeiieiee ettt e e e et 19

Dynamics of Strombolian Activity
Maurizio Ripepe, Dario Delle Donne, Andrew Harris, Emanuele Marchetti, and Giacomo Ulivieri...................... 39

Fluid Geochemistry of Stromboli
Fausto Grassa, Salvatore Inguaggiato, and Marcello LiOtta................cccccceccriinieiiiiiiiiiniiiiiiiciicccce e, 49

Crater Gas Emissions and the Magma Feeding System of Stromboli Volcano
Patrick Allard, Alessandro Aiuppa, Mike Burton, Tommaso Caltabiano, Cinzia Federico,
Giuseppe Salerno, and Alessandro La SPINa ............ccccoueeveiiiiieiiieieee ettt 65

Upper Conduit Structure and Explosion Dynamics at Stromboli
Bernard Chouet, Phillip Dawson, and Marcello Martini...............cccoecueeeeenoiiiseesiiiieeeese et 81

Section Il: Eruption Onset

Volcanic and Seismic Activity at Stromboli Preceding the 2002-2003 Flank Eruption
M. Burton, S. Calvari, L. Spampinato, L. Lodato, N. A. Pino, E. Marchetti, and F. MUré..............ccoccvevcvencueenunne. 93

The Eruptive Activity of 28 and 29 December 2002
Laura Pioli, Mauro Rosi, Sonia Calvari, Letizia Spampinato, Alberto Renzulli, and Alessio Di Roberto............... 105

Geochemical Prediction of the 2002-2003 Stromboli Eruption From Variations in C0, and
Rn Emissions and in Helium and Carbon Isotopes
C. Federico, L. Brusca, M. L. Carapezza, C. Cigolini, S. Inguaggiato, A. Rizzo, and D. Rouwet.......................... 117

Section IlI: Landslides, Tsunami, and the Sciara del Fuoco Instability

Slope Failures Induced by the December 2002 Eruption at Stromboli Volcano
Paolo Tommasi, Paolo Baldi, Francesco Latino Chiocci, Mauro Coltelli, Maria Marsella,
and Claudia ROMAGNOIi.............c.ccccioiiiiiiiiiiiiiiiiiiiie e 129



The Double Landslide-Induced Tsunami
S. Tinti, A. Armigliato, A. Manucci, G. Pagnoni, R. Tonini, F. Zaniboni, A. Maramai, and L. Graziani................ 147

Deep-Sea Deposits of the Stromboli 30 December 2002 Landslide
Michael P. Marani, Fabiano Gamberi, Mauro Rosi, Antonella Bertagnini, and Alessio Di Roberto...................... 157

Integrated Subaerial-Submarine Morphological Evolution of the Sciara del Fuoco After the 2002 Landslide
Paolo Baldi, Alessandro Bosman, Francesco Latino Chiocci, Maria Marsella,
Claudia Romagnoli, and AIDEIriCO SONNESSA. .......cc..uevuieeuiiiiieeeee ettt 171

Movements of the Sciara del Fuoco
A. Bonforte, M. Aloisi, G. Antonello, N. Casagli, J. Fortuny-Guash, L. Guerri, G. Nunnari,
G. Puglisi, A. Spata, and D. TAICHI ...........cccocecueemiiriiiiiiieieeeee et 183

Section 1V: The Lava Flow Emission on the Sciara Del Fuoco

Evolution of the Lava Flow Field by Daily Thermal and Visible Airborne Surveys
Letizia Spampinato, Sonia Calvari, Andrew J. L. Harris, and Jonathan Dehn .............c..cccocceevoieieenoiinsianieaeen, 201

Textural and Compositional Characteristics of Lavas Emitted During the December 2002

to July 2003 Stromboli Eruption (Italy): Inferences on Magma Dynamics

P. Landi, L. Francalanci, R. A. Corsaro, C. M. Petrone, A. Fornaciai, M. R. Carroll,

L. Nardini, @nd Lo MIFAGIIA .......cc..eeueeriiiiiiiiieeeteee et 213

2002-2003 Lava Flow Eruption of Stromboli: A Contribution to Understanding
Lava Discharge Mechanisms Using Periodic Digital Photogrammetry Surveys
Maria Marsella, Mauro Coltelli, Cristina Proietti, Stefano Branca, and Roberto Monticelli.............ccccceevvuueenn.... 229

Ground Deformations Related to the Effusive Eruptions of Stromboli: The 2002-2003 Case
M. Aloisi, A. Bonforte, M. Mattia, and G. PUGHISI ............covevuiriemiiriiriieiieiieieeeseete et 247

Gas Flux Rate and Migration of the Magma Column
Emanuele Marchetti, Maurizio Ripepe, Giacomo Ulivieri, Michael R. Burton,
Tommaso Caltabiano, and Giuseppe SalErNo ..............ccccccieviiiriiiiiiiiiiiiiiieiiei et 259

Variations of Soil Temperature, C0, Flux, and Meteorological Parameters
Paolo Madonia, Lorenzo Brusca, Salvatore Inguaggiato, Manfredi Longo, and Sabina MoricCi..............c............. 269

Seismological Insights on the Shallow Magma System
M. Martini, L. D*Auria, T. Caputo, F. Giudicepietro, R. Peluso, A. Caputo, W. De Cesare,
A. M. Esposito, M. Orazi, and G. SCAIPALO .........ccc.eeeerueirrieiesiieeeiie ettt ettt 279

Fluid Circulation and Permeability Changes in the Summit Area of Stromboli Volcano
Anthony Finizola and Francesco SOINO................ccccccouviiiiiiiiiiiiiiiieiiiieciee et 287

Section V: The 5th April Paroxysmal Explosive Event

The 5 April 2003 Explosion of Stromboli: Timing of Eruption Dynamics Using Thermal Data
Andrew J. L. Harris, Maurizio Ripepe, Sonia Calvari, Luigi Lodato, and Letizia Spampinato ...............ccccc.cc..... 305



The Paroxysmal Event and Its Deposits
Marco Pistolesi, Mauro Rosi, Laura Pioli, Alberto Renzulli, Antonella Bertagnini,
ANA DANICIE ANUIONICO ..ottt ettt e ettt aaaae e 317

Mineralogical, Geochemical, and Isotopic Characteristics of the Ejecta From the 5 April 2003 Paroxysm at
Stromboli, Italy: Inferences on the Preeruptive Magma Dynamics

Lorella Francalanci, Antonella Bertagnini, Nicole Métrich, Alberto Renzulli, Riccardo Vannucci,

Patrizia Landi, Stefano Del Moro, Michele Menna, Chiara Maria Petrone, and Isabella Nardini ......................... 331

The 5 April 2003 Paroxysm at Stromboli: A Review of Geochemical Observations
A. Rizzo, A. Aiuppa, G. Capasso, F. Grassa, S. Inguaggiato, M. Longo, and M. L. Carapezza............................. 347

Ground Deformation From Ground-Based SAR Interferometry
Dario Tarchi, Nicola Casagli, Joaquim Fortuny-Guasch, Letizia Guerri,
Giuseppe Antonello, and DaVide LEVA ..............oocueeeueiriieiieiiieieet ettt 359

Section VI: Risk Management

Stromboli (2002-2003) Crisis Management and Risk Mitigation Actions
Guido Bertolaso, Bernardo De Bernardinis, Chiara Cardaci, Antonella Scalzo, and Mauro ROSi ......................... 373

Scientific Community and Civil Protection Synergy During the Stromboli 2002-2003 Eruption
G. Bertolaso, A. Bonaccorso, aNd E. BOSCRI...............ccouuuuuuuueeeeeeeeeeeeeeeee ettt 387






PREFACE

Stromboli is recognized among volcanologists to have
been characterized by a persistent, mild explosive (strom-
bolian) activity for at least 1500 years, with gas, ash, and
bombs ejected up to heights of 50-300 m in explosive
events, typically at a rate of ~10 times an hour. Because of its
persistent activity and the easy access to its summit craters,
Stromboli has always been considered a volcano laboratory
by volcanologists who have used it to investigate eruptive
and degassing processes, organize experiments and test new
techniques of volcano monitoring.

In addition to eruptive processes, Stromboli is also an im-
portant site for the study of volcano flank instability prob-
lems, as its NW flank (Sciara del Fuoco) has produced at
least four major catastrophic collapses during the past 10,000
years. Flank instability on volcanic islands is one of the main
sources of tsunami waves and thus represents a volcanic
hazard with a major impact on society.

Between December 2002 and July 2003, an effusive
eruption occurred at this volcano and involved a number
of processes (such as lava flow output, explosive activity,
flank instability, submarine and subaerial landslides, tsu-
nami, paroxysmal explosive events). It activated the entire
spectrum of hazards related to a volcano, making the moni-
toring of this volcano a real challenge. To face this eruptive
crisis, and estimate the potential hazard, a number of novel
multidisciplinary techniques have been applied to this
volcano.

Volcanic risk climaxed on December 30th, when land-
slides triggered tsunami waves that hit the settled areas of
Stromboli and of other Aeolian Islands, reaching the Sicil-
ian and Calabrian coasts. Had the tsunami occurred during
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the tourist season, the number of victims and economic
loss could have been enormous. The volcanic crisis was a
challenge for the national Civil Protection and for the vol-
canological community that was called on to give scientific
support to manage the crisis.

The scientific community was required to rapidly (within
weeks) upgrade the already existing monitoring system on
Stromboli. Thus, a large number of instruments, some of
which were used for the first time in a volcanic context,
were deployed, providing an unprecedented documenta-
tion on eruptive phenomena at Stromboli. In the meantime,
a new observatory was set up on the island, collecting
in one place all data coming from different institutions
and monitoring networks. The observatory also acted as
the headquarters, facilitating the interaction between the
scientific community and the Civil Protection. Indeed,
a valuable result of this experience was the daily, multi-
disciplinary scientific approach to the evaluation of the
hazard, with continuous exchanges concerning the results
from the multi-disciplinary networks among the scientists
involved.

We believe that the multi-disciplinary monitoring sys-
tems applied to this volcano and the resulting interpretative
theoretical models obtained by the analysis of data collected
during this eruptive crisis, discussed during a number of
meetings, can be used as examples for monitoring other ac-
tive volcanoes.

The volume derives from presentations and discussions at
several informal meetings devoted to comparing results and
understanding the volcanic processes occurring during the
2002—-03 volcanic crisis. To further enhance the project, sev-
eral other researchers, who had long-time experience with
the monitoring of Stromboli, were asked to join the project,
and many agreed.

As editors, we are very grateful to all authors, who worked
hard to meet the deadline and did everything they could to
make this project a success. We appreciate the help, patience,
and expertise of AGU staff, who worked diligently to publish
the book. We are grateful to the reviewers who devoted so
much of their time and effort helping to improve the volume,
and especially to Stephen Conway for having improved the
English in all the papers from INGV Catania. We would like
to thank the technical staff of the geochemical laboratories
of INGV Palermo. These colleagues made a great effort to



acquire a solid and unique geochemical data set, which al-
lowed improving our knowledge of the Stromboli plumbing
system.
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On 28 December 2002, after 17 years of steady strombol-
ian activity, following a gradual increase in the frequency
of explosions and in the magma level within the summit
craters, a 300-m-long eruptive fissure opened on the upper
NE flank of Stromboli volcano. As a result, low energy ex-
plosive activity from a lateral vent fed hot avalanches that
flowed down the Sciara del Fuoco (SDF) to the sea. The ava-
lanche activity was followed, minutes later, by an intense
emission of lava spilled from the NE crater that fed a very
fast lava flow. Eruptive activity stopped a few hours later
and resumed early morning on 29 December with a new
small lava flow from the lowermost tip of the fissure.

On 30 December, fractures formed along the SDF, caus-
ing the failure of two large portions of this already unstable
flank of the volcano. The landslides triggered two tsunami
waves extending over 100 m inland, that caused extensive
damage to buildings and boats along the east coast of the
island, and minor injuries to a few people. Large waves also
struck the town of Milazzo on the northern coast of Sicily,
60 km south of Stromboli. Starting from 30 December, the
national Department of Civil Protection, operating under the
direct authority of the Prime Minister, took responsibility for
the management of the emergency. The first action consisted
in providing lodging and full assistance to residents who
spontaneously decided to leave the island. The temporarily

stituto Nazionale di Geofisica e Vulcanologia, sezione di Cata-
nia, Catania, Italy.

Astituto Nazionale di Geofisica e Vulcanologia, sezione di Pa-
lermo, Palermo, Italy.
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evacuated residents returned to the island at the beginning
of February. A significant effort of the scientific community
has since been devoted to monitoring the movement of the
SDF and the summit craters, with different kinds of novel
techniques employed at this volcano for the first time.

The major landslide of 30 December was accompanied by
intrusion of lava into the fracture, and a new effusive vent
formed within the largest landslide scar. Explosive activity
ceased at the summit craters of Stromboli following the start
of the flank eruption. Persistent effusive activity became
concentrated within the 30 December landslide scar on the
SDF, resulting in a perched, compound lava flow field.

While lava was still erupting on the upper SDF, an ex-
tremely powerful explosive event began on 5 April 2003 at
the summit craters, which had been inactive since the onset
of the flank eruption. This event was the strongest recorded
at Stromboli during the last century, and its timing has been
reconstructed on the basis of photos and thermal images
taken during a helicopter survey over the volcano before,
during and after the paroxysm. The paroxysm lasted about
9 min, with bombs up to 4 m wide falling on the village of
Ginostra, on the west flank of the island, and destroying two
houses. This event signaled the start of the declining phase
of the effusive eruption. Around 20 June, a resumption of
strombolian explosions at the summit craters and a corre-
sponding declining phase in the lava output, were observed.
After 10 July, lava flows had become confined to the upper,
proximal lava field, and there was a total cessation of effu-
sive activity between 21 and 22 July.

This book examines the December 2002—1July 2003 erup-
tive crisis at Stromboli which involved a variety of processes.
We present the experience gained from a multi-disciplinary,
integrated approach to the monitoring of the eruptive activity,
including an overview and synthesis of the over 60 papers pub-
lished in selective international journals, as well as new results.

The book is organized in six sections. The first section is
an overview of the volcanic system of Stromboli gained over
the last two decades. The second, third, fourth, fifth sections



2 THE STROMBOLI VOLCANO: INTRODUCTION

describe special phases of the eruption: the eruption onset,
the landslide on the SDF and its related tsunami and slope
instability, the effusive phase, the 5 April paroxysmal event,
respectively. The last section describes the Civil Protection
management of the crisis and its synergy with the scientific
community. Each chapter contains multi-disciplinary, inte-
grated contributions from the scientists who have contrib-
uted to the monitoring of the eruption. Most of the papers are
reviews of previously published data, and present integrated
models and interpretations of the phenomena that took place
during the crisis. However, the book is also a record of all
the relevant original information that has been collected but
had not yet been published in scientific papers.

Major advances in the fields of structural geology, dynam-
ics of strombolian activity, degassing processes, and petrology
of the active plumbing system of the volcano have been made
in the last two decades. Flank instability processes and cal-
dera collapses were recognized to play a fundamental role in
controlling the Holocene and late Pleistocene evolution of the
volcano. The paper by Tibaldi et al. offers a review of work
published on these topics, discussing this process in the light
of the mechanical properties of materials of the volcanic cone
and flank stability models. One of the outstanding discoveries
made on the plumbing system of the volcano was the iden-
tification of a gas-rich, crystal-poor magma erupted during
highly energetic explosive events (paroxysms). Bertagnini et
al. discuss the origin of the most energetic phases in relation-
ship to the rapid rise of gas-rich magma pockets through the
resident crystal-rich volatile poor magma. The dynamics of
the persistent strombolian activity has been extensively inves-
tigated over the past two decades with the aid of geophysical
tools. The papers by Ripepe et al. and Chouet et al. provide
complementary aspects regarding the mechanism of genera-
tion, ascent and explosion of gas slugs in the upper conduit.

An accurate description of the geochemical system is out-
lined by Grassa et al. based on a review of the main sci-
entific results obtained during the past decade. Allard et al.
complete the picture showing the primary control of the
magmatic gas phase on the eruptive regime of the volcano.

The second section presents several integrated and multi-
parametric data illustrating the conditions of the volcano be-
fore and during the initial stages of the flank eruption. On the
basis of thermal mapping, gas measurements and geophysical
monitoring, Burton et al. present an integrated analysis of the
events that preceded the onset of the flank eruption, suggest-
ing a gradual increase in the magma level within the upper
conduit. Pioli et al. describe small-scale instability processes
occurring during the opening of the eruptive fissure on the up-
permost SDF through eyewitness reports, geophysical moni-
toring, field and laboratory studies of the erupted products,
and daily temperature measurements using a handheld ther-
mal camera. A geochemical surveillance program started at

Stromboli in 1999 focused on identifying signals that might
predict impending energetic explosive events. Federico et al.
present the main geochemical signals occurring before the
2002 eruption, with the significant anomalies recorded prior
to the eruption both in the coastal aquifer and in the summit
area, indicative of a new gas-rich magma batch.

The instability of the SDF was one of the distinctive features
of the 2002-03 eruption. The contributions of the third sec-
tion focus on investigating the origin, effects and evolution of
the December 2002 landslides, as well as their relationships
with the eruption and with the current dynamics of this flank
of the volcano. Tinti et al. propose a critical reconstruction
of the two tsunamis based on field observations, eyewitness
statements and results from numerical simulations. Aeropho-
togrammetric and bathymetric surveys carried out before and
after the eruption were fundamental for assessing the flank
dynamics of the SDF as well as the geometry and evolutions
of the lava flow field. By integrating these data together with
field observations and with the geotechnical behavior of the
volcanics, Tommasi et al. set out a reconstruction of the se-
quence of landslides that occurred soon after the eruption
onset. Baldi et al. monitored the continuous morphological
changes on the subaerial and submarine flank of the SDF
during the whole eruption, estimating the volume involved.
Marani et al. estimated the volume of sediments deposited
on the offshore from the SDF landslide from multi-beam
bathymetry, side-scan sonar data and seabed visual observa-
tions. Heritage of the 2002-03 eruption was the integrated
multi-parametric system for monitoring ground deformations
on the SDF, which comprises a ground-based linear synthetic
aperture radar (GB-InSAR), and an automated topographic
monitoring system (named THEODOROS). Bonforte et al.
described the design and set up of this system, initially based
on periodic geodetic surveys and an innovative real-time
GPS network, both destroyed during the eruption, and of its
evolution during and after the 2003.

The fourth section deals with the emplacement of the lava
flow field on the SDF. It describes the monitoring techniques
used to analyze and quantify flow field growth in terms of
structure, effusion rate, volume erupted, composition, defor-
mation caused by the emplaced mass, gas released through
the magma column and the ground surrounding the craters,
and associated seismic activity. Spampinato et al. show the
lava flow field growth monitored with a thermal camera from
land and helicopter, describing its structure and relationship
with the measured parameters. Periodic lava sampling car-
ried out during the entire duration of the effusive eruption,
and a fairly homogeneous composition of the lava, allowed
Landi et al. to rule out important changes in the dynamics of
the plumbing system shortly before the eruption. Marsella
et al. studied the filling of the subaerial and submarine land-
slide scars by lava flows and debris, using a quantitative



analysis of the photogrammetric surveys carried out during
the effusive eruption. Integrated with field observations, this
showed that at the end of the eruption the scar left by the
December 2002 landslide was only partially filled.

Aloisi et al. describe the newly installed ground deforma-
tion systems necessary to monitor the effusive phases. This
supported the Civil Protection in making decisions related
to hazards from landslide movements and volcanic activity,
and allowed the authors to make some hypotheses on the
dynamics of the craters. The transition from effusive to ex-
plosive activity was investigated by Marchetti et al. through
the analysis of VLP seismic activity, delay times between
infrasonic and thermal onsets of explosions, and SO, flux
recorded during a one-year period. The synergy of these
multiple geophysical observations pointed to a migration of
the magma column.

Continuous monitoring of CO, flux from soil performed
by Madonia et al. and integrated by daily field observations,
showed that CO, flux and soil temperature are closely re-
lated to volcanic events. The seismological data set used by
Martini et al. covers most of the effusive phase and the sub-
sequent recovery of the explosive activity, and shows that
the shallow magmatic system has not undergone significant
changes during this period. Fluid flow mapping and profiles
carried out by Finizola and Sortino with self-potential, tem-
perature, and soil gas measurements since 1994 in the sum-
mit area, show the importance of old structural boundaries in
the opening of part of the 2002-03 fracture field.

The fifth section describes many aspects of the 5 April
paroxysm, and opens with a paper from Harris et al. present-
ing a new and updated revision of the timing and dynamics
of this episode on the basis of thermal and visual images
recorded during the explosion from helicopter, and from a
fixed thermal sensor 450 m away. Pistolesi et al. present de-
tailed mapping through field and laboratory description of
the explosive deposits that allowed to calculate the volume,
assess the eruptive mechanism, and calculate the peak dis-
charge rate (eruptive intensity) of the event. Mineralogical,
geochemical and isotopic compositions of the juvenile and
fresh subvolcanic ejecta have been carried out by Franca-
lanci et al., indicating moderate pressure conditions for the
mechanisms triggering this episode.

Thanks to a wide review of the published geochemical vari-
ations observed during the eruption, Rizzo et al. characterized
the variations in chemical composition of ground waters and
summit fumaroles before the paroxysm, identifying the pro-
gressive pressurization of the basal thermal aquifer due to the
degassing of a new arrival of volatile-rich magma at depth.
An in-depth analysis of the images acquired by the ground-
based InSAR system installed before the 5 April explosion,
allowed Tarchi et al. to detect the precursory signals of the
explosion related to ground deformation and the occurrence
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of an elastic deformation which affected the volcanic edifice
progressively from the craters down to the SDF depression.

The sixth section comprises two papers dealing with the
emergency management. The first paper by Bertolaso et al.
illustrates the role, responsibilities and activities of the Civil
Protection Italian Department during the crisis. The differ-
ent actions undertaken to mitigate the volcanic risk are also
described and discussed in the frame of other volcanic cri-
ses management around the world. The second paper, again
by Bertolaso et al., shows the multi-disciplinary coopera-
tion and synergy between the Istituto Nazionale di Geofi-
sica ¢ Vulcanologia (INGV) and the Italian Civil Protection
Department (DPC) during the Stromboli eruption, and de-
scribes the enormous effort made to complete and upgrade
the observation network during the eruption. In addition, the
vision of the system of civil protection envisaged by Italian
law, in which DPC promotes and coordinates the adminis-
trations of the State during emergencies, and INGV supplies
scientific support, has proved valid and functional.

A very useful addition to the monograph is the annexed
DVD, which includes photos, videos and data dealing with
several aspects of the eruption. Many of these electronic ma-
terials are related with, and complete, the written contribu-
tions of the book, but others are exclusive documents relevant
to the most significant episodes of the eruption. For instance,
this is the case of the images related to the 5 April paroxysm,
which represent an incomparable and valuable collection of
visible photos and SAR images describing, second by sec-
ond, the evolution of such a phenomenon. Furthermore, vid-
eos filmed and edited by scientists involved in the eruption
monitoring, included in the DVD, are not only useful to learn
about the field operation, but also an authentic way to share
the experience of those involved in the days of the eruption.
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We delineate the geological-structural framework of Stromboli volcano through
the description of the deposits and structures that developed during the various
phases of buildup and morphostructural reorganization of the edifice. Piling of
lava and minor pyroclastic deposits was repeatedly interrupted by summit caldera
collapses during the late Pleistocene and by nested flank and sector collapses
towards the NW in the Holocene. Field data suggest a strong instability of this
volcano flank, and numerical modeling contributes to describing the process. In the
Holocene, fissuring and dyking along a main NE-trending weakness zone crossing
the island interacted with other magma paths with a horseshoe-shaped geometry in
plan view. A brief discussion is aimed at deciphering the possible influence of the
previous geological—structural history of the volcano on the location and type of
events which occurred during the 2002—2003 crisis.

1. INTRODUCTION

Stromboli is a volcanic complex located in the southern
Tyrrhenian Sea, Italy (Figure 1a). It is composed of two main
joint cones: the northern one testified by the Strombolicchio
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islet neck and the other one forming the Stromboli Island
(Figure 1b). This complex has a SW-NE elongation parallel
to the main tectonic structures recognized in the eastern sec-
tor of the Aeolian archipelago. This sector is characterized
by extensional dynamics related to the rapidly extending
Marsili oceanic basin and the southwestward migration of
the Calabrian arc (Figure 1a) [De Astis et al., 2003; Goes et
al.,2004; Billi et al., 2006]. Focal mechanisms in this part of
the southern Tyrrhenian basin show NNE- and NE-striking
normal faulting [Falsaperla et al., 1999; Neri et al., 2003].
Contractional and transcurrent deformations have been found
farther west [Ventura et al., 1999; Argnani et al., 2007].
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Figure 1. (a) Location of Stromboli volcano with respect to the
structure of the Aeolian archipelago in the southern Tyrrhenian Sea
and main tectonic features of the area (adapted from Neri et al.
[2003], Goes et al. [2004], and Billi et al. [2006]). (b) Stromboli
Island, Strombolicchio islet and the submerged morphology of the
volcanic complex. Digital elevation model data of the emerged por-
tion courtesy of M. Marsella and coworkers, Universita di Roma.
Bathymetric data (simplified) from Gabbianelli et al. [1993].

After the cessation of activity at Strombolicchio, dated
204 =+ 25 ka B.P. [Gillot and Keller, 1993], the last 100-ka
growth of Stromboli was interrupted by at least eight main
collapses, through caldera formation or lateral failure events
[Tibaldi, 2001]. Repetition of such events is thus well es-
tablished in the geological record of this volcano, and its
history can help unravel the present situation. However, it is
necessary to take into account the morphological, structural,
and lithological variations of the volcano, which can influ-
ence magma-feeding paths and the edifice lateral instability
[Tibaldi, 2003]. Therefore, the present review will provide a
brief summary of the lithostratigraphic, structural, and mor-
phological evolution of the cone, with special emphasis on
the Holocene reorganization of the volcanic system and its
influence on the present behavior and the 2002-2003 events,
and will present the state of the art of the knowledge about
lateral instability.

2. GEOLOGICAL AND STRUCTURAL EVOLUTION
OF THE ISLAND

The geology and stratigraphy of Stromboli were described
and reported in geological maps by Magnani [1939], Rosi
[1980], Keller et al. [1993], and Hornig-Kjarsgaard et al.
[1993]. More recently, the stratigraphic study and geologi-
cal mapping based on the reconnaissance of unconformity-
bounded stratigraphic units were performed by 7Tibaldi
[2008]. A simplified version of this map and a comparison
with the previous stratigraphic studies are provided in Figure
2 and in the cross sections of Figure 3. The volcanic history
of Stromboli is characterized by a series of caldera-type col-
lapses, and one lateral collapse toward the southeast during
the older period of activity and lateral collapses after ~13
ka ago [Pasquare et al., 1993; Tibaldi et al., 1994; Tibaldi,
2001]. In the map by Rosi [1980], one of these caldera col-
lapses was already recognized; in Keller et al.’s [1993] map,
three caldera collapses and one lateral collapse are portrayed,
although in the explanatory notes, one more sector collapse
is suggested [Hornig-Kjarsgaard et al., 1993; Tibaldi [2001,
2008], which recognized the occurrence of four lateral col-
lapses in the Holocene (Figure 3).

One of the peculiar characteristics of Stromboli is the
frequent coincidence between structural modifications and
changes in magma composition [Francalanci et al., 1988,
1989, 1993; Hornig-Kjarsgaard et al., 1993] that ranges
from calc-alkaline (CA) to potassic (KS), high-K calc-
alkaline (HKCA), and shoshonitic (SHO). On the basis of
structural unconformities and rock composition, the volca-
nic sequence of the subaerial cone has been subdivided into
six periods of activity (Figures 2 and 3): (1) Paleostromboli
I (Cavoni synthem), (2) Paleostromboli II, (3) Paleostrom-



boli III (Gramigna synthem), (4) Lower, Middle, and Upper
Vancori (Frontone and Vancori synthems), (5) Neostrom-
boli (Fossetta synthem), and (6) Recent Stromboli (Pizzo,
Fili di Baraona, and Sciara synthems).

2.1. Late Pleistocene History

The stratigraphically lowermost rocks of Stromboli, crop-
ping out along the eastern coast of the island (Lava A informal
unit; Figure 2) are represented by lavas and breccias. Lavas
and pyroclastic fall, flow, and lahar deposits with HKCA
basaltic-andesite and andesite compositions were emplaced
during the Paleostromboli I period (Cavoni synthem; Lower
and Upper Paleostromboli I lavas; Figures 2 and 3). These
rocks crop out in the Petrazza, Malopasso, and Cavoni ar-
eas and are dated to <100 and 85.3 + 2 ka B.P. [Gillot and
Keller, 1993]. In the upper part of the Cavoni canyon, the
rim of the first caldera collapse cuts the Paleostromboli I vol-
canic sequence (caldera collapse 1; Figure 2).

During the Paleostromboli II period (Gramigna synthem,
Rina subsynthem; Figures 2 and 3), prevalent lava flows
and subordinate scoria fall deposits, with CA basaltic—
andesite composition, filled up and overlapped the caldera
1 depression (Figure 2). The oldest lavas of Paleostromboli
11, cropping out at the base of Vallone di Rina (Lower Rina
lavas; Figure 2), are dated at 6112 ka B.P. [Condomines
and Allégre, 1980] and are characterized by a boundary
composition between the CA and HKCA series. The succes-
sive activity led to the emplacement of a thick lava sequence
dated at 64.3 + 4.9 and 54.8 £ 9.1 ka B.P. [Gillot and Keller,
1993] from Vallone di Rina to La Petrazza (Omo lavas; Fig-
ure 2), followed by red scoria agglomerates.

During the Paleostromboli III period (Gramigna synthem,
Aghiastro subsynthem; Figures 2 and 3), the Stromboli cone
was built up by lavas and pyroclastic rocks with HKCA and
weakly SHO compositions. Pyroclastic deposits, mainly
composed of lapilli fall and some lahars, are interbedded
with HK basalt to HK andesite and shoshonite lavas. The
Paleostromboli III rocks mainly crop out in the southern part
of the island up to a height of about 700 m above sea level
(asl). The Middle Rina lavas (dated at 35 + 6 ka B.P. [Con-
domines and Allégre, 1980; Gillot and Keller, 1993]) and
Upper Rina lavas crop out from Vallone di Rina to Vallone
del Monaco, whereas the uppermost Aghiastro lava unit is
found above Malo Passo (Figure 2). The Paleostromboli 111
activity ended with the caldera collapse 3 (Figure 2), whose
rim is marked by a clear unconformity.

The Scari complex, found at the Scari and La Petrazza lo-
calities above Paleostromboli I and II products, is considered
to be coeval with the Paleostromboli III products, having an
age of 34.6 + 3 ka B.P. [Gillot and Keller, 1993]. It mainly
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consists of pyroclastic fall deposits and one lava flow rang-
ing between HK and SHO basalts to shoshonites and latites.
A lateral collapse towards SE (2 in Figure 2) occurred after
the emplacement of the Scari complex.

The Vancori period, characterized by a prevalent effusive
SHO activity which led to the emplacement of the topmost
rocks of the island (Figures 2 and 3), has been subdivided
into three subperiods (Lower, Middle, and Upper Vancori)
on the basis of structural unconformities, volcanological
criteria, and magma composition. The Lower Vancori lavas
(Frontone synthem in Figure 2), ranging from SHO basalts
to shoshonites (26.2 = 3.2 ka B.P.; Gillot and Keller [1993]),
filled the depression and overflowed the rim of the caldera 3,
reaching the sea level in the S—SE part of the island. This ac-
tivity was followed by the caldera collapse 4, whose depres-
sion was filled by the shoshonitic lavas of Middle Vancori
(Vancori synthem, Vari subsynthem in Figure 2), with an
age of 21 + 6 ka B.P. [Gillot and Keller, 1993]. The Upper
Vancori period (Vancori synthem, Liscione subsynthem in
Figure 2) began with a pyroclastic series and is character-
ized by a more evolved magma composition ranging from
shoshonites to trachytes, through latites. The lava sequence,
dated 13 + 1.9 ka B.P. [Gillot and Keller, 1993], is closed
by an explosion breccia (Frontone breccia) cropping out in
the summit area and representing a hybrid magma between
the evolved Upper Vancori magmas and the leucite-bearing
shoshonitic magmas erupted soon after [Hornig-Kjarsgaard
et al., 1993]. The Middle and Upper Vancori sequences were
widespread on the eastern sector of the volcano from the
summit to the sea level, although their outcrops to the NW
are now rare. The Vancori edifice was affected by the first
lateral collapse of the volcano towards NW (lateral collapse
5 in Figure 2) that involved a larger area than the present
Sciara del Fuoco (SdF) [Tibaldi, 2001].

2.2. Holocene History

During the Neostromboli period (Fossetta synthem; Fig-
ure 2), volcanic activity was mainly concentrated in the NW
part of the volcano, producing thin and scoriaceous lava
flows characterized by high potassium contents (KS series)
associated with prevalent basic to intermediate composi-
tions (leucite-bearing trachybasalts and shoshonites). These
lavas were erupted either from central craters/fractures sited
at about 750 m asl in the previously NW collapsed area, or
from eccentric vents and eruptive fissures, such as the Tim-
pone del Fuoco, Punta Labronzo, Vallonazzo, and Nel Can-
nestra (Figure 2). A lava flow emitted from the central crater
gave an age of 13.8 + 1.9 ka [Gillot, 1984; Gillot and Keller,
1993], whereas an age of 5.6 + 3.3 ka [Gillot, 1984; Gillot
and Keller, 1993] was obtained on a lava sample from the
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Punta Labronzo eccentric vent. The NW sector of the Ne-
ostromboli edifice failed during the lateral collapse 6. This
collapse surface was nested in the collapse 5 depression [7i-
baldi et al., 2003; Apuani et al., 2005a]. The phreatomag-
matic explosive event of the Lazzaro pyroclastic deposits
[Bertagnini and Landi, 1996], found all over the island in
small outcrops above the Neostromboli lavas, seems to be
the last eruptive event of this period and was probably trig-
gered by the decompression of the shallow subvolcanic sys-
tem during lateral collapse 6 [Renzulli and Santi, 1997].
The Recent Stromboli period (Pizzo, Fili di Baraona, and
Sciara synthems; Figure 2) refers to the volcanic activity fol-
lowing the Neostromboli period, including the present-day
Strombolian activity. The products are lavas and pyroclastic
deposits with HK and SHO basaltic compositions, and some
ages were recently obtained with archeomagnetic dating in
the work of Arrighi et al. [2004] and Speranza et al. [2004]
to better constrain this period of activity. The Pizzo Sopra la
Fossa pyroclastic cone [Pizzo synthem; Figure 2] was built
up to an elevation of 918 m asl from a central crater inside
the depression of the lateral collapse 6. It was cut by the
northwestward lateral collapse 7 and was followed by explo-
sive activity which emplaced alternating ash tuff layers and
scoriaceous spatters (Post-Pizzo Sequence, Petrone et al.
[2006]). The sub-Recent Sciara lavas (Fili di Baraona syn-
them; Figure 2) dated 1350 = 60 A.D. [Arrighi et al., 2004)]
lateral collapse 7. These lavas were in turn involved in the
final lateral collapse 8, which led to the formation of the
SdF depression in its present shape. The HK basalts of San
Bartolo lavas (Fili di Baraona synthem; Figure 2), with an
age of 2 ka B.P. [Arrighi et al., 2004], were erupted outside
the central crater area from an eccentric vent sited at 600 m
asl in the NE part of the island [Laiolo and Cigolini, 2006].
They formed a quite large lava delta at sea level where the
Stromboli village was partially built up. The Recent Sciara
deposits (Sciara synthem; Figure 2) have been erupted by
the present-day Strombolian activity which occurs inside the
SdF depression from vents sited in a crater terrace at 750 m
asl (usually three active craters). Blocks, scoriaceous bombs,
lapilli, and ash are the products of the moderately explosive,
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normal Strombolian activity, whereas light pumice and lava
flows are erupted during paroxysms and effusive activity,
respectively (e.g., eruptive crisis of 2002-2003 and 2007
[Landi et al., 2006, and reference therein]).

Three magma feeding zones, testified by the alignment of
the active summit vents, eruptive fissures, and sheet swarms,
were recognized at Stromboli [Tibaldi, 1996; Tibaldi, 2003;
Tibaldi et al., 2003; Corazzato et al., 2008]: (1) the NE-
trending zone passing through the volcano summit, charac-
terized by a gradual migration of dyking from SW to NE
throughout the history of the volcano and geometrically con-
trolled by the active NW-trending regional tectonic exten-
sion; (2) the north-trending zone affecting the southern part
of the island; and (3) the zone located parallel and close to
the shoulders of the northwestward collapse zone; it devel-
oped from 13 ka B.P. interacting with fissuring and dyking
along the main NE-trending weakness zone (Figure 2).

3. LATERAL INSTABILITY

The first paper dedicated to the numerical modeling of the
mechanical stability of Stromboli is the one by Russo et al.
[1996], dealing with an elastic model and considering the
influence of the regional stresses and magma reservoir. The
geological history of lateral collapses alternated to build-
ing phases has been simulated by finite difference numeri-
cal modeling by Apuani et al. [2005a] with FLAC 4.0 code
(Itasca), in terms of stress—strain evolution. This simulation
revealed that (1) the gravitational forces alone are not suf-
ficient to generate the hypothesized past collapses as single
mechanisms, while magma pressure in dykes can represent
a destabilizing factor; (2) deformations and superficial land-
slides mark the beginning of, and contribute to, the retro-
gressive plasticization and perhaps to the deepening of the
failure surface; (3) shallow submarine landslides represent
a possible triggering mechanism. The landslide events of 30
December 2002 fit the simulated evolution.

The numerical code has proved to be a useful tool for mod-
eling such a complex system and investigating the cause—
effect relationships in deep-seated instability phenomena,

Figure 2. (Opposite) Simplified geological map of Stromboli Island showing the main stratigraphic units (unconformity-bounded strati-
graphic units, based on the study of Tibaldi [2008]), with indication of caldera and sector collapse traces (modified after Tibaldi [2001]),
sheet intrusions (partially from Tibaldi [2003], Corazzato et al. [2008], and unpublished data), eruptive fissures and vents. The map is
draped over a shaded view of the island (digital elevation model data courtesy of M. Marsella and coworkers, Rome University) (universal
time meridian coordinates in meters). UBSU, unconformity bounded stratigraphic units; PSTI, Paleostromboli I; MU, main unconformi-
ties with number as referred in the text; LC, lateral collapse; CC, caldera collapse; AU, angular unconformity. 1, After Tibaldi [2008];
2, major periods and informal lithostratigraphic units, after Keller et al. [1993] if not differently indicated; 3 after Hornig-Kjarsgaard et
al. [1993]; 4, after Petrone et al. [2006]; 5, ages from Condomines and Allegre [1980] and Gillot and Keller [1993]. a-b is the subaerial

trace for model cross section of Figure 4.



10  GEOLOGICAL-STRUCTURAL FRAMEWORK OF STROMBOLI VOLCANO, PAST COLLAPSES

km
1 —

km
14

Timpene
del Fuoco

sciara Ro 1

del Fuoco

Pizzo Sopra la Fossa

Active vents
.,

cle

QOlderc

Younger cycle
(shoshentic)

(a ndes?t\:)

Active voleano

o

=

| |slopetalus
Old stratoveleano

Pizzo Sopra la Fossa
918 m

PSTIII
g La Petrazza

NwW

Pizza Sopra la Fossa

Active crater Jigm

Zone
.

Punta del’Omao

NWY

1
1.5km

SE

E
RS
B Q
2 [l Ns
S | mvsuv
§|:| LV
[ ]PsTH

El Sciara

Fili di Baraona

n Pizzo
Fossetta
Vancori

[ |
[5]
El Frontone
[3]

UBSU (Synthems)

Gramigha

Cavoni

Figure 3. Geological cross sections of the subaerial portion of the Stromboli volcano. (a) After Rosi [1980]. T3, Older py-
roclastic formation; L1, L2, Lava flows complex covering the older pyroclastic formation; Vs, Upper Vancori complex;
Tp, Pizzo Sopra la Fossa tuffs; Lr, lava flows of stratovolcano near the SdF; At, Timpone del Fuoco parasitic cone; Ls,
SdF lava flows and scoriae. (b) After Keller et al. [1993]. PST, Paleostromboli; SC, Scari unit; LV, MV and UV, Lower,
Middle and Upper Vancori; NS, Neostromboli; RS, Recent Stromboli; (c) after Tibaldi [2008]. UBSU, Unconformity

Bounded Stratigraphic Units.



allowing calibrating the response of the geotechnical model
and testing the validity of the assumptions.

Actually, to support the stability analyses, it is necessary
to define a geological-technical model of the volcano, based
on an adequate knowledge of the geotechnical properties of
the involved materials, as well as on stratigraphical, litholog-
ical, and structural data. Only recently have studies begun to
quantify volcanic material properties [Watters et al., 2000;
Thomas et al., 2004; Apuani et al., 2005b; Moon et al., 2005;
Tommasi et al., 2005; Malheiro and Nunes, 2007]. Apuani
et al. [2005b] provided a dataset of the physical-mechanical
properties of the Stromboli volcanic rock masses by inte-
grating: (1) laboratory geotechnical and geomechanical tests
on intact rocks; (2) rock-mass structural and geomechanical
characterization [/SRM, 1981]; (3) evaluation of rock-mass
strength and elastic parameters according to Hoek—Brown
nonlinear strength law [Hoek et al., 2002], for property
scaling to rock-mass scale. These authors then defined four
lithotechnical units, considering the relative percentage of
the breccia fraction vs. lava deposits. Tommasi et al. [2005]
focused on characterizing the volcaniclastic material of the
SdF slope.

Slope instability phenomena are represented not only by
(1) giant deep-seated gravitational slope deformations as
those recognized in the past history of Stromboli, with mobi-
lized volumes >10 Mm?, but also by (2) shallower, large, and
more frequent landslides, such as the one which occurred in
December 2002—January 2003, involving loose deposits and
rock masses and mobilizing volumes <10 Mm?, and (3) very
surficial landslides, involving loose or weakly consolidated
deposits, that also represent a natural hazard and threaten
residents and tourists, with mobilized volumes in the order
of 100,000 m*.

The researches published up to now were focused on sta-
bility analyses and numerical modeling concerning these
different typologies of slope instability, and the effect of dif-
ferent instability factors and external forces, such as magma
pressure and seismicity, initially explored by limit equilib-
rium analyses [Apuani et al., 2005a].

Considering deep-seated gravitational slope deformations
(1) and large landslides (2), Apuani and Corazzato [2008]
dealt with the Stromboli NW flank instability, focusing on
the effects of magma pressure in the feeding system. A two-
dimensional numerical model was developed by the finite
difference FLAC code, considering a cross section of the
entire volcano, orthogonal to the SdF, and including both
subaerial and submerged slopes (Figure 4, steps 1-3). The
stability of the volcano was analyzed under gravity alone and
by introducing the magma pressure effect, including magma-
static and overpressure components (Figure 4, step 4). The
results indicate that gravity alone is not sufficient to affect
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the stability of the volcano slopes, nor is the magmastatic
pressure component. If a magma overpressure is introduced,
instability is produced in accordance with field evidence and
recent slope dynamics.

Another crucial issue to be analyzed in evaluating the
stability of a volcanic edifice is represented by the effect
of seismicity, related to tectonic activity or due to magma
migration mechanisms. Apuani et al. [2007a] analyzed, by
the FLAC code, the effects of seismic events associated to
magma migration mechanisms on the stability of the vol-
cano flanks, coupling the dynamic analysis with the ef-
fects of the magma pressure in the feeding conduits. The
dynamic input was applied on both sides of the conduit,
extended vertically below the active crater zone. Based on
geophysical data [Chouet et al., 2003], the dynamic source
was located between 300 and 700 m deep (Figure 4, step 5).
The effects of the dynamic perturbation were analyzed in
terms of displacements vectors, strain increments, and pore
pressure variations. The model showed that seismic activ-
ity alone is not a sufficient cause of deep-seated instability,
but when coupled with magma overpressure during feeding
processes, critical deep surfaces can develop. Their geom-
etry and continuity is controlled by the entity and distribu-
tion of magma pressure and depth of the dynamic source.
Consequently, the modality of a possible instability pro-
cess and the involved volumes are strongly dependent on the
stress concentration resulting from the applied triggering
factors.

Concerning the development of minor very surface land-
slides (3), these can involve potentially unstable masses
of loose or weakly cemented deposits that can be mobi-
lized evolving in granular flow moving down the SdF into
the sea, eventually forming small tsunami waves. Apuani
et al. [2005¢, 2007b] analyzed the surface local stability
of the SdF recent volcanic debris, using the particle-based
code PFC2D (Itasca) and building up a conceptual model
(Figure 5a) made of a close-packed assembly of bonded or
unbonded particles, interacting according to their specific
particle contact properties. After the necessary calibration
of the numerical model [4puani et al., 2005c], based on the
comparison with experimental geotechnical data and aimed
at finding particle micromechanical parameters that better
represent the rheology of the volcanic debris, the analysis
performed by Apuani et al. [2007b] could investigate the ef-
fect on local slope stability of some possible triggering fac-
tors such as the impact of large ejected boulders, like the ones
emitted during major eruptions or paroxysmal events, which
in any case affect only small areas, or the accumulation of
lava (Figure 5b), which instead can be responsible for the
development of superficial landslides at the front of the lava
flow.
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Figure 4. Conceptual steps of the numerical modelling: idealization of the model, applied forces, and results (after

Apuani et al. [2007a]).

4. SUBMERGED STRUCTURES

The 1988-1990 oceanographic surveys around Stromboli
documented [ Gabbianelli et al., 1993] that the subaerial por-
tion of the volcano represents only about 1/25 of the area
occupied by the whole volcanic complex. The entire edifice
slopes gradually to both sides of a 18-km long, NE-SW
trending axis [Romagnoli et al., 1993]. Normal faults with
the same orientation have been documented by Gabbianelli
et al. [1993]. The island is bordered to the NE and SW by
submerged abrasion platforms [ Gabbianelli et al., 1993; Ro-
magnoli et al., 1993; Favalli et al., 2005], which are missing

offshore the SE and the NW portion of the island, the latter
dominated by the SdF (Figure 2b). The submarine extension
of this major collapse scar has been identified prolonging
to 700 m below sea level [Gabbianelli et al., 1993; Romag-
noli et al., 1993; Kokelaar and Romagnoli, 1995]. Two
seamounts are located southwest of Stromboli Island, at a
depth of 700 and 1000 m, respectively (Figure 2b). The shal-
lower one, named Cavoni, was already documented [Gab-
bianelli et al., 1993]; the deeper one was recently described
and informally named Casoni seamount [Gamberi et al.,
2006]. The collection of fresh lavas and scoriae from the Ca-
soni seamount showed that the Stromboli plumbing system
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Figure 5. (a) Position of the modelled slope along the SdF. (b)
Particle horizontal displacement at the lava front (after Apuani et
al. [2007a]).

feeds also submarine activity, both effusive and explosive
[Gamberi et al., 2006]. The Stromboli edifice is circled to
the west and to the north by the Stromboli valley, a main
morphologic feature originating on the slopes of the Sicil-
ian margin and crossing the Aeolian volcanic arc between
Stromboli and the Lametini seamounts [Kidd et al., 1998;
Gamberi and Marani, 2007].

5. DISCUSSION AND CONCLUSIONS

This review of Stromboli delineates an evolution, in the
last 100 ka, characterized by a series of phases of buildup of
the edifice via dominant lava flows, interrupted by phases of
destruction of part of the cone, ranging from slow slope ero-
sion to rapid removal of huge masses. Different interpreta-
tions focus on the number (i.e., frequency) and type of large
mass collapse. Hornig-Kjarsgaard et al. [1993] recognized
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three calderas and two sector collapses, whereas Pasquaré
et al. [1993] and Tibaldi [1996, 2001] distinguished another
flank collapse to the SE plus other two sector collapses to
the NW. The latter reconstruction shows the dominant oc-
currence of summit caldera collapse in the Pleistocene and
lateral collapses in the Holocene, and several recent papers
now agree that the NW flank of Stromboli has been a zone
of high-gravity instability, although technical difficulties are
still present in precisely dating the Holocene collapses. This
series of lateral collapses is consistent with the lack of the
submarine abrasion platform along the northwestern side of
Stromboli, which was most likely removed by the failures.
Similarly, flank failures towards SE (at least one documented
by Tibaldi [1996,2001]) and accelerated erosion rate can ac-
count for the lack of the same platform also on the opposite
southeastern side. In any case, since landslides interact with
the sea producing tsunami, the hazard posed by these unsta-
ble areas is considerably high.

Another, still open issue is to assess whether each lateral
collapse occurred in a single major event, or through the oc-
currence of several, closely spaced in time, minor pulses.
The relationship between causes and modalities of such
events is one of the most interesting topics addressed and is
worth being further investigated.

The fact is that the active part of Stromboli is growing into
a lateral collapse depression, and in this case, geometries and
locations of the magma rising into the uppermost part of the
cone are subject to the concomitant conditions imposed by
both the regional tectonic and local gravitational and mag-
matic stresses. This has been demonstrated at several other
active multiple-collapsed volcanoes by field data [e.g., Ti-
baldi et al.,2005; Vezzoli et al., 2008, and references therein]
and by analogue experiments [ Walter and Troll, 2003]. The
possible “draining” effect exerted by the debuttressed zone
of the SAF depression on the magma rising into the cone was
recently recognized [Tibaldi, 2004; Acocella and Tibaldi,
2005], a process which, in turn, has the feedback effect of
further enhancing slope instability. The Holocene geological
history of the volcano indicates that after a sector collapse
develops, sheets tend to intrude preferentially along the
shoulders of the amphitheater depression or within it. These
intrusions, in turn, can deform the infilling of the collapse
depression producing smaller landslides capable, however,
of triggering tsunamis. This occurred in the past and could
also be an explanation for the 2002-2003 events.

The geological-structural history of Stromboli also indi-
cates that, in the Pleistocene, magma was mostly injected
along the main NE-trending weakness zone, with single
dykes striking from NNE to E-W. In the Holocene, sheet
intrusions into the NW cone flank have been accompanied
by frequent dyking also along the NE weakness zone, where
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single dykes and fissure eruptions had a dominant NE strike
and concentrated in the zone between the summit crater and
the present location of the Stromboli village. This suggests a
shift of the magma paths towards NE along the main weak-
ness zone.

Volcanoes are prone to undergo phases of lateral insta-
bility mostly when magma intrudes the cone [Voight and
Elsworth, 1997; Donnadieu et al., 2001] and when the pil-
ing of lava and pyroclastic deposits reach a critical height
[Borgia et al., 1992]. The numerical modeling performed for
Stromboli shows that magma overpressure during feeding
processes is the dominant cause in generating deep-seated
lateral collapses and/or large landslides, in agreement with
the evidence of historical collapses. Even minor instability
phenomena, which certainly represent the most frequent
hazard scenario, can be controlled by dyke propagation and
effusive events as those which occurred in 2002-2003, in
agreement with the cited stability analyses. Concerning the
mobilization of loose deposits, it has been demonstrated that
the accumulation of lava on the slope can be responsible for
the development of superficial landslides which develop at
the front of the lava layer.

Pyroclastic rocks and loose deposits infilling the SdF are
characterized by very poor physical properties, and this can
account for the higher propensity of the present northwest
volcano flank to lateral instability. We believe that this sec-
tor is prone to gravity instability also without intervening
magma intrusions at a high level in the cone, as testified also
by the acceleration of seaward displacement of a portion of
the SAF during 2000-2001, with the development of a series
of dry fissures [Tibaldi et al., 2003] in a time interval with-
out major volcanic events. This lateral instability can pro-
mote intrusions into the northwestern volcano flank, which,
in turn, are capable of further destabilizing this sector with
the possible development of landslides.

With special reference to the structural dynamics of the
2002-2003 event, different views have been suggested. Ac-
cording to Bonaccorso et al. [2003], the two vents which
opened in the SDF at 500 and 600 m of altitude on 29-30
December were not located along a new eruptive fissure,
but they formed at the intersection between the steps caused
by the initial detachment of the SDF wall and the shallow
feeding system of the volcano. Calvari et al. [2005] sug-
gested that the three vents, opened on 28, 29, and 30 Decem-
ber, were due to lava tubes protruded by the main magma
conduit at different levels. Acocella and Tibaldi [2005] and
Acocella et al. [2006] claimed that these vents might be the
expression of a NW—SE dyke protruded from the main con-
duit zone. Based on the available geophysical data [Chouet
et al., 2003] that indicate the presence, below the crater,
of an active dyke dipping 60° to the NW, and considering

that the SAF slope dips 40° to the NW, the removal of the
SdF deposit with a maximum thickness of 70 m [Baldi et
al., 2005], due to the 2002 landslides, might not have been
large enough to intercept that dyke. Hence, we conclude that
during this event, some intrusive sheets propagated from the
main magma conduit to reach the surface at the new vents;
however, to fully understand the local detailed geometry of
these intrusions, further analyses are needed. We believe the
important matter is that the entire geological and structural
history of Stromboli indicates that subsurface intrusions did
occur in the form of sheets. In the Holocene, at morphologi-
cal stages of the volcano evolution when a lateral collapse
depression was present, the propagation of the sheets was
concentrated along the uppermost sides of the depression,
within it or across the summit active crater zone along a
NE-SW axis [Corazzato et al., 2008]; therefore, there is no
reason to rule out the possibility that these geometries and
locations could occur again in the future.
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